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CHAPTER 1
INTRODUCTION

A. Research Goals

Subsurface radar detection and identification of geological and
man-made structures is an area of current importance, Examples are:
location of utility pipes such as plastic and metallic gas pipes and
water pipes[1,2,3], location of voids and tunnels[4], anthropolo
mapping[5], and possible exploration of energy sources such as o?*.
gas and coal. Yet, almost all of the work done in this area was
directed toward target detection. Few attempted the problem of tar-
get identification. Subsurface target identification is a problem
far more severe than the identification of aerospace targets by con-
ventional radars where the target can literally be seen and the class
of false targets is Timited in scope. Underground there are varities
of unknown false or undesired targets to complicate the task. Further-
more, the medium involved, i.e., the ground, is usually lossy, inhomo-
geneous and, most of all, electrically weather-dependent. These pro-
blems, together with the presence of the air-ground interface makes
the task of subsurface target identification truly formidable., It is
for these reasons that, to date, there is no single technigque or
system capable of identifying subsurface targets in real time.

In this study, a technique for subsurface target identification
is developed and extensively tested with real radar measurements col-
lected using a video pulse radar[1-4] under different conditions (i.e.,
different ground conditions, different antennas, etc.). This techni-
que is implemented with a "first-generation" microcomputer system to
demonstrate the feasibility of real-time subsurface target identifica-
tion.

The technique used in this study characterizes subsurface targets
by their complex natural resonances[7-11], which are extracted directly
from the processed time domain waveforms via Prony's Mathod[12-15].

A predictor-correlator[40] use< the difference equation coefficients
associated with these complex resonances as discriminants to generate

a correiation coefficient for target identification. This characteri-
zation and identification method is attractive for it characterizes the
response of a target by a set of complex numbers which is independent

of the pulse radar location. Furthermore, the complex resonances and
the difference equation coefficients are pre-determined, thus, only sim-
ple algebraic operations are involved in calculating the correlation
coefficient for a real-time identification decision.

1
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B, Related Rescarch 1n Subsurface
Target Characterization and
Identification

Electromagnetic techniques have been used successfully for
many years for probing the earth. Keller and Freschnecht[25] give
an excellent summary of these procedures. A recent summary of sub-

suEfaSe probing techniques is given in a report by D.C. Gates, et
al[26].

Perhaps the earliest documentation of a subsurface electro=
nagnetic radar system is contained in a patent issued in 1937 in
which an electrical analog of seismic systems is described[16].
There is, however, no mention of successful implementation of such
a radar. There have been attempts to use bistatic radar configura-
tions of this type but the results have generally not been highly
successful[17,18). The reason, recognized by Horton[13], is that
the tail of the pulse coupled directly from the transmit to the re-
ceive antenna occurs "just at the time when the maximum of the re-

flected pulse (from a buried target) must be accurately timed.
This coincidence tends to ruin the measurement",

A significant result in video pulse technology is described in
a patent by Lerner in which a video pulse system is used for more
moderate depths[20]. Lerner's scheme differed from the earlier patent
in that the same antenna was used for both transmitting and receiving.
Lerner introduced a combination of TR, ATR and Hybrids to separate
the transmitted pulse and the received target signal.

In this study, a crossed-dipole antenna system is used to in-
corporate this function into the antenna itself, i.e., transmit-
receive isolation 1s achieved by isolating the antennas themselves,
The crossed dipole is an orthogonal dipole pair, one horizontal dipole
for transmission and another orthogonal horizontal dipole for recep-
tion, which provides substantial reduction of the primary (directly
coupled) signal on the receiving antenna. Many measurements have
been made on a variety of shallow targets (less than 15 m) using these
concepts[1-4,21,22]. Targets include geological structures such as
faults, Joints, sink holes and man-made structures such as pipes. A
commercial unit for pipe detection based upon the research and design
work at the ElectroScience Laboratory, and designated as Terrascan,
is being produced by Microwave Associates Inc.[6]. The pulse radar
used ir this study for subsurface target identification s a Terra-
scan-1ike radar system.

A major reason for the success of the characterization and identi-
fication procedures discussed in this dissertation 1ies in the improve-
ments in the antenna system. The original cross-type antenna struc-
ture developed at the ElectroScience Laboratory for subsurface radar
applications was basically a crossed bowtie geometry wrapped aroung
a sphere[21], but this was subject to noise. The crossed bowtie
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evolved into various planar crossed-dipole arrangements as used by f
Moffatt[4]. These arrangements were, however, too awkward for use |
in rea'-time on-location target identification. Later, Young[1,3] :
introduced the loaded folded dipole geometry of the Terrascan system. P
Tribuzi[66] improved this by introducing the loaded folded bowtie |-
configuration. Wald[59] further improved the electrical character- i
istics of this structure by eliminating part of the supporting struc- !
ture. He also constructed the small antenna used in a later part of |
this dissertation for identification of mines, The design of the !
smaller antenna was dictated by the results obtained in this dis- ‘
sertation since its purpose was to shift the antenna resonance to ;
more nearly coincide with those of the mine-like target. i

One of the first studies initiated in the development of the
pulse radar system with the crossed-dipole antenna for subsurface .
target detection and identification was the detection and identifi- |
cation of TDMB mines[28-35]. This study included cfforts in the :
development of antenna systems and techniques to extract the char- |
acteristic spectra of the electromagnetic fields scattered by the
TDOMB mine, In 1970, Sullivan[21] investigated the feasibility of
using the characteristic real-frequency resonances of subsurface
targets in the identification of simple buried objects. The system
used in Sullivan's study was a video pulse radar with a crossed-
polarized antenna system. A similar system using crossed dipoles
was later used by Moffatt, et al.[4] in the probing of man-made and
geological subsurface targets. The subsurface video pulse radar
system was then modified and developed to be the existing Terrascan
system in a study to detect gas pipes[1-3]. To automate the Terra-
scan system for automatic target identification, Chan[22] investi-
gated a matched filter technique for automatic identification of
plastic pipes using a Terrascan-like radar system.
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Other methods have been employed in the detection and identi- |
fication of subsurface targets.. In particular, various techniques
of Pattern recognition{37-39] were used by Echard, et al., for the .
detection and identification of buried mines[36].

This study investigated the possibility of using in situ target '
complex natural resonances to characterize and identify subsurface b
targets. The basic method was first introduced by Hi11[40] in the ‘
detection of targets near the surface of the earth, and later used
by Chan, et al.[23,48-50] in the characterization and identification
of subsurface targets.
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C. Structure of This Report

The structure of this report is as follows:

In chapter I, the basic radar measurement procedure is per-
sented. In addition, preliminary signal processing is discussed
since certain preprocessing does improve the target identification
results.

In Chapter I11, we present a method for extracting from response
data records (1.e., the time-domain waveforms) the complex natural
resonances associated with the targets. This method, known as Pron%'s
method, is outlined and applied to extract target resonances from the
backscattered waveforms in the time domain.

In Chapter 1V, the predictor-correlator method for target
identification is discussed and applied to the waveforms cnllected
in this study. Detail identification statistics are given.

In Chapter V, the effects of radar bandwidth on the character-
jzation and identification method are studied.

In Chapter VI, the effects of target size and depth on the
characterization and identification method are discussed.

In Chapter VII, we direct attention to the detecion and identi-
fication of mine-like targets in practical situations. Improvements
on the pulse radar system are made for the implementation of a port-
able, real-time on-location subsurface target identification radar.

In Chapter VIII, we discuss the implementation of the sub-
surface identification radar as a microcomputer system. Detailed
prodecures of the implementation are presented. Real-time target
identification results using the microcomputer system are given,

In Chapter [X, a method for automatic tuning of the identi-
fication radar to the ground condition in real time is discussed.
This method 1s simple and can be easily incorporated into the micro-
computer system for real-time subsurface target identification.

In Chapter X, major achievements accomplished in this work are
summarized. Conclusions and recommendations are made.
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CHAPTER I
MEASURED AND PROCESSED WAVEFORMS
FROM THE SUBSURFACE TARGETS

A. Objectives

The objectives of this chapter are the following:

1. To give a description of the subsurface pulse radar
and the subsurface targets selected for this study and
to summarize the procedures taken to measure the back-
scattered waveforms from these targets. Raw (unpro-
cessed) waveforms from the targets are shown.

2. To summarize the signal-proceesing techniques used
to partially suppress noise and clutter in the raw
waveforms., Processed waveforms are given,

B. Subsurface Electromagnetic Video

PuTse Radar System

The video pulse radar system used to collect measurements for
this study basically consists of three components: the energy source,
the antenna system for signal transmitting and receiving and the
receiver for signal processing. The design of these components is
dictated by the electrical properties of the ground, the depth of
the target of interest as well as the target, clutter and noise
characteristics. A picture of the Terrascan-like subsurface pulse
radar used in this study together with a basic block diagram is
shown in Figure 1. The basic components are: the impulse generator,
the crossed-dipole antenna system and the receiver, Basic operation
is as follows. The impulse generator transmits short pulses of energy
through the transmit antenna into the ground. The presence of a
target scatters the incident energy toward the receive antenna. This
scattered energy is received as a sampled time-domain waveform for
target characterization and identification.

In the current study a short video pulse of apbproximately 150
ps duration (at 3 dB points) and a nominal 1000V peak amplitude
was used (sce Figure 2). This pulse duration is much shorter than
those used in conventional radar practice. Furthermore, a con-
ventional radar has a few percent bandwidth about 1ts carrier
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Figure 1. The subsurface pulse radar and its block diagram. \
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frequency whereas this video pulse output spectrum spreads from
essentially dc (repetition rate = 256 Hz) to beyond 3 GHz. It is
this broad band of frequencies inherent in this narrow pulse that
makes target identification a possibility, i.e., the scattered fields
from the targets can be sampled over a very broad frequency band and
each sample contains information about the targets, The use of such
a narrow pulse also has a second substantial advantage for the de-
tection and identification of shallow targets, in that the transmit-
ted pulse magnitude has fallen to a low value before the pulse re-
flected from the target returns to the antenna. This "time isola-
tion" effectively minimizes the width of the radar "dead zore" and
egnables the scattered pulse to be observed over a wide time span,

A second form of isolatfon exists in the choice of the antenna system,
The pulse radar uses a pair of crossed, loaded, folded dipoles with
0.6m (2 fee:) long arms lying flush with the ground surface (see
Figure 1). The crossed-dipole antenna system achieves substantial
isolation between transmit and reccive antennas. For a perfectly
orthogonal pair and no target perturbation, the transmitted pulse
would not be observed on the receive antenna. In practice, antenna
isolation on the order of 60 dB below the nominal pulser voltage is
achieved routinely. Such isolation further minimizes the width of
the "dead zone" and is escential for shallow-depth target identifica-
tion. The dipoles are heavily loaded, with both resistors and
incorporated absorber in the antenna to reduce muitiple reflections
and consequently reduce pulse distortion caused by the antenna. The
crossed-dipcle antenna system has two additional advantages for the
identification of subsurface targets. First, being a cross-polarized
system it is insensitive to reflections from layers which are parallel
to the antenna darms. An important example is the ground surface
whose reflection of the incident pulse energy would produce extraneous
signals in other non-orthogonal systems. Second, received waveforms
obtained from objects which have no symmetry with respect to the
antenna armis go through a polarity revrrsal as the crossed-dipole
antenna system is rotated {about its vertical axis) by 90°. This
feature represents a valid method by which a target can be separated
from an extended nu-target echo which is introduced by muitiple re-
flections on the antenna structure{3].

Typical raw time-domain waveforms reccived with the antenna
oricnted at 0" and at 90 over the center of a plastic mince-1like
target are shown in Figure 3. Several waveform features can be
described., The iirst sharp impulsive-type portion of the waveform
is due to direct coupling between the transmit and rececive antennas.
From the amplitude of the coupling signal and the pulser output, it

*A spaller antenna (0.15 m) is later used for a more specific purpose
of mine identification.
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is seen that about 60 dB isolation is achieved. Note that this sig-
nal does not change significantly with antenna orientation and thus
can be removed by forming the difference of the two waveforms. The
coupling signal is a source of clutter but it is also useful as a

time refercnce for target depth and range, since it occurs at essenti-
ally the time the source impulse is radiated from the feed terminals
of the transmit antenna. The next feature of the waveform beyond

the impulse is the random clutter due to the ground surface irreqgu-
larities directly beneath the antenna. Because of the short duration
of the impulse and yood antenna design, this clutter feature dies out
in a few nanoseconds. Thus, only a small portion of the clutter over-
laps the return from the mine-like target. The signal from the mine-
like target appears to be rather strong. Furthermore, it reverses
polarity when the antenna is rotated by 90°, thus, its amplitude will
double in the difference waveform. The mine-like target signal ex-
tends through a time window of approximately 30 ns and falls to

a neygligible level at the time the balun reflection occurs. The balun
is necessary for connecting the unbalanced impulse generator to the
balanced dipole antenna. The impedance mismatch at this connection

is the source of the balun reflection, The balun reflection limits
the width of the reflectionless time window of the system. In the
present system, the width of the reflectionless time window is 36.5
ns, which turned out to be wide enough for the identification of the
shallow subsurface targets considered in this study. For a wider
window, one can lengthen the delay cable at the balun-antenna con-
nection. One can also greatly suppress the effects of the balun re-
flection by shortening the length of the delay cable at the balun-
antenna connection. In this case, the balun reflection would occur

in the time reyion wheve the target signal is much higher in amplitude.

In a later section, we describe a smaller antenna which was used for
improved target identification performance. This small antenna was
built with the delay cable shortened and the balun structure placed
almost at the antenna feed points. The balun reflection can be com-
pletely eliminated it o balanced pulser is made available in the
future. Llimination of the balun would also yield a narrower trans-
mitted pulse due to less cable loss and dispersion,

An unprocessed time-domain wavetorm is present in the receiver
for target characterization and identification. The structure of the
receiver basically consists of o sampling oscilloscope for signal
reception. a signal-processing unit for clutter and noise reduction
and a unit for taryet characterization and identification. In this
study, because of the flexibility it offered, a general-purpose digi-
tal computer was first used to control the sanpling oscilloscope and

to jmplement the processing, characterization and identification units.

After all of the target characterization and identification procedures
had been ecstablished, much of the flexibility was discarded and a re-
latively simple system designed for taryet detection and identifica-
tion. Sucy a system was implemented with o wicrocomputer for target
identification in real time. Discussion of the microcomputer system
is presented in Chapter VIII.
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C. The Subsurface Targets

Five targets of similar size were buried at the same depth of
5 ¢ {2 inches, measured from the ground surface to the nearest tar-
get surface). Figure 4 shows the geometry of the targets.

A1l targets were buried in the backyard of the ElectroScience
Laboratory at points where the ground is known to be relatively un-
disturbed (i.e., free of other objects). The average dc conductivity
within 30 cn (12 inches) of the ground surface measured at the target
sites ranged from 30 mS/m for wet ground to about 20 mS/m for dry
ground and 10 mS/m for icy ground. The relative dielectric constant
measured at approximately 100 MHz ranged from 25 for wet ground to
16 for dry ground and 9 for icy ground.

Since a goal of this study was to achieve separation of a mine-
like target from other (false) targets using radar data, a major
effort was directed toward the study of the mine-like target. The
method of identification developed here can easily be adapted to
systems in which other targets are considered as desired targets or
targets to be separated.

Backscattered waveforms were obtained using the subsurface
pulse radar svstem. Measurements were made at different ground loca-
tions with respect to the various targets. Locations of the antenna
center for these measurements are shown as dots in Figure 5. At
each location two backscattered waveforms were obtained using two
different antenna orientations, one of which was a 90° rotation with
respect to the other. A standard antenna orientation used in obtain-
ing the measurements is shown in Figure 5. Measurements were obtained
with the antenna center vertically above the center and edges of the
targets. DBeyond the target edges, measurements were made at the
regular interval of 15 cm (6 inches).

Data accumulation was started in early June 1977 and continued
through early April 1979, luring this period the ground condition
chanqged from wet to dry and to icy. Data were obtuained for each
ground condition to gauge the effects of the changing ground condition
on the characterization and identification of the subsurface targets.
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D. Raw Measured Waveforms

A11 waveforms collected by the Terrascan-like radar used in
this study consist of 256 samples in a time window of 50 ns, The
(hardware) basic sampling period Tg is 0.2 ns, giving a sampling
frequency of 5.12 GHz*.

There are three possible classes of signals present in these
raw waveforms,

1. Noise: noise refers to extraneous signals which are
not in any way related to the radar source signal,
Examples are thermal noise, interference, etc.

2. Clutter: clutter refers to extraneous signals which
are related to the radar source. Examples are
transmit-receive coupling, reflection from ground
surface irregularities, and echoes from objects
other than the desired target.

3. Desired Signal: desired signal refers to echoes of the
incident source energy from the desired target.

For shallow targets the desired signal may include direct reflections
from the target and multiple reflections between the target and the
antenna., Since the antenna is so near the target, the antenna radi-
ation mechanisms and the target scattering mechanisms may not be dis-
tinct.

Noise and clutter are the extraneous signals that the signal-
processing unit is designed to suppress under certain conditions.

The scattered fields from the targets, both desired and un-
desired, plus noise and clutter produce a signal at the terminals
of the receive antenrna. In most conventional receivers noise is
reduced by the introduction of filters. For broad-band signals this 3
is not possible but noise is reduced substantially by averaging a
number of received waveforms. In general, however, for this antenna ;
system even in our local urban environment where many strong inter-
fering signals exist, the voltage pulse caused by the scatterer is
clearly visible on the oscilloscope. In the subsurface pulse radar
system, due to the low sensitivity of the antenna system to above-

*Waveforms collected by the microcomputer system consist of 128
sampies in a time window of 25 ns. The microcomputer system is
discussed in Chapter VIII,
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ground disturbances, the noise level is inherently low. Furthermore,
it was found that a simple arithmetic averaging process is an effec-
tive means for reducing noise[22,24]. This means of course that the
noise is not target-induced.

Typical average raw waveforms are shown in Figure 6. The
second waveform (---) in each figure {s obtained by rotating the
antenna by 90°. If the observed signal is caused by direct coupling
between the transmit and receive antenna (T-R coupling), the signal
would not be changed by this rotation. 0On the other hand if the
signal is caused by any external scatterer, a polarity reversal
is observed. These raw waveforms illustrate the various classes of
signals. Figure 6-a shows a no-target waveform which is a received
waveform with no target (desired or undesired) present within the
radar range. Such a waveform, after averaging, contains clutter
only. Figure 6-b shows a waveform from the desired mine-l1ike target.
In this waveform, the T-R coupling and the ground surface clutter
occur early in time and because of the shal'ow target depth a certain
portion of the desired signal is overlapped by the clutter., It {is
these extraneous signals that various signal-processing techniques
ar?1d§s1gned to suppress. Figure 6-c shows a waveform from the brass
cylinder,

E. Processed Waveforms

Before proceeding to the target identifiration algorithms, a
certain amount of preprocessing of the data is desirable. This is
essential here since the goal is to obtain the purest scattering data
possible for target characterization., These steps are made possible
by the availability of a computer in the measuring system, The data
processing will not all be essential in a field system to detect and
jdentify such targets. It is envisioned that any such preprocessing
that may be required can be done in a microcomputer which will be a
part of the final system. The preprocessing here included:

1. Arithmetic averaging: this process forms the arithmetic
average of ten raw waveforms at the same antenna
location and orientation.

2. Amplitude shift: any dc drift in the waveforms is
corrected by adjusting the hase line.

3. Gating: the time regiors before the T-R antenna coupling
and after the first balun reflection are replaced by
a straight line at zero level. The resulting
”gffective“ time window (same for all waveforms) is
5 ns wide (186 samples).

4. Time shift: the effective time window is shifted to

""the same time region for all waveforms.
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5. 90°-rotation difference technique: this process forms
the difference between two average, shifted and
gated waveforms from the same antenna location but
with different antenna orientations of which one
is 90° rotation with respect to the other.
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6. Multistation averaging: this process forms the Q
N arithmetic average of all the difference waveforms
“] (5. above) from the antenna locations which present
\
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identical relative geometry between antenna and
target.

These processed waveforms are considered to be relatively
noise and clutter-free. Furthermore, they contain only the back-
scattered information from the individual targets since the ground
of the target sites was undisturbed (free of other objects) and
relatively smooth, These processed waveforms are to be used only to
establish the parameters of identification system. They are not used
for the identification of an unknown target.

A set of processed waveforms and their Fast Fourier Transforms 4
(FFT)[64] for the mine-like target at various antenna locations in a ;

' wet ground 1s shown in Figures 7 and 8. Typical waveforms for the
- other targets are shown in Figures 9 and 10.

The following important generalizations with regard to these 3
waveforms are made: 3

g 1. A1l time-domain waveforms exhibit transient behavior

: in the late-time region whers only the natural response

3 of the target exists. This transient behavior is of

. prime importance, and, as will be shown in Chapter 111, ]

. dictates the characterization and identification method 1
for these taryets. }

- 2. The strong peaks in the FFT's of the waveforms indicate
f the possible existence of resonance behavior in the back-
- scattered waveforms., These peaks may be a good approxi-

y mate measure of the imaginary parts of the complex reson-

8 ances of the targets in situ. Note that while the time-

- domain waveforms from different antenna locations over

. the mine-1ike target change noticeably, the locations of

F the strong peaks in their FFT's< stay relatively unchanged

i (see the vertical dotted lines in Figure 8), indicating

: the complex natural resonances of the target are excita-

; tion invariant. This was anticipated and 1s the most

§ attractive feature of the target characterization scheme.
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For the wavefarms given in Figures 7 and 9 the signal
level of the cylinder is the highest while the signal
level of the sphere is the lowest. As a reasonable quanti-
tative parameter for comparison ot signal and clutter
levels, the following definition of signal-to-clutter ratio
(S/C) was used in this study.

safroL Bt (1)
C By By
where

Ey {s the energy of the target signal,
Em 1is the energy of the measured waveform, and

Eyr is the statistical mean energy of the ensemble of
ciutter or no-target waveforms used to estimate
Eyt- In this study, we considered only single-
target situations, hence a collection of 51 no-
target measurements taken at various locations in
the vicinity of the target site was used as the
ensemble of clutter waveforms.

The Energy of a waveform was defined and estimated as follows.

E

A rs
(te-ts)/TB

t

e
!
t=t

t)

R 1TB (2)

where r(t) is the waveform under consideration and t_.t. are the start
and stop-time of the interval oi interest. In this Study tg was taken
to be the time at which the absolute maximum of the waveform occurred

and t, was taken to be the time at which the balumn reflection occurred.
The réasons for these choices of ty and t, are given in later chapters,

The mean clutter level was evaluated as

51 tei
. (r? (E)/(t -1 )T
if:'] t-"t.ﬁi NTH ©viosd B
[NT w “<~.....<..-.--.5‘,1._._....,_._--....._-_.“._ (3)

where ryti(t) is the ith no-tarc
tej are the start and stop time

waveforn.

jet waveform in the ensembie and t ,
» respectively of the ith no-target
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Using the abouve definitions, the signal-to-clutter ratio at
various antenna locations over the 5cm deep targets were evaluated
and are given in Figure 11, It was found that the signal-to-clutter
ratio for the mine-like target ranged from 0.21 to 3.50 depending on
the antenna location and orientation*. The brass cylinder and the

wood board targets had the highest and lowest signal-to-clutter
ratios, respectively.

The three items mentioned above: the transient behavicr, the
complex natural resonances and the signal level of the backscattered
waveforms are of prime importance in subsurface target identifica-
tion. Their dependence on changing ground conuitions complicates the
identification process. Any practical subsurface target identifica-
tion algorithm must be able to adapt to this changing condition and
identify the desired target in a wide range of, if not all, ground
conditions. A comparison between the brass cylinder waveform in dry
and icy ground aiven in Figure 72 clearly shows the effects of chang-
ing ground condition. Although both waveforims exhibit similar transe
jent behavior, the time intervals between the zero crossings are
different, indicating a shift in the locations of the target reson-
ances. The amplitudes of the two waveforms are also different.

The FFT's of the backscattered waveforms indicate that the
strongest frequency concentration is at about 70 MHz, furthermore,
almost all signal energy is in the 0-500 MHz frequency band. This
"system bandwidth" 1s of great significance in subsurface target
identification for it dictates the number of target resonances and

the magnitude of the corresponding residues in the backscattered
waveforms,

In the next chapter we attempt to characterize the various -ub-
surface targets by approximating their processed backscattered wave-
forms with a finite complex expunential series with the complex expon-
ents being the complex natural resonances of the targets. A method
for extracting these resonances divectly from tha time-domain wave-

forms will be presented. Results from the application of this method
are given,

*S/C depends also on the ground condition. The estimates given in
Figure 11 was based on a set of measurements ootained in a relative-
1y dry ground condition over a time period of several days. Further-
more, S/C at symmetric locations are assumed equal. S$/C20 when
EM‘ ENT .
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CHAPTER IT1
CHARACTERIZATION OF SUBSURFACE TARGETS BY
THEIR COMPLEX NATURAL RESONANCES

A. Objectives

This chapter summarizes a study of the characterization of sub-
surface targets by their complex natural resonances. A method for
extracting the resonances from the processed backscattered waveforms
is derived for completeness. The nethod is known as Prony's method
[12-15] and, when applied to measured data, it 1s extremely sensitive
to the values of its parameters. An approach to solve certain of
these problems will be presented. Prony's method is applied to the
processed backscattered waveforms and an analysis of the resulting
resonances is focused on the following:

1. The excitation invariance of the complex natural
resonances of the individual targets with respect to
antenna location,

2. The degree of distinction between the complex natural
resonances of the different targets.

3. The effects of changing ground condition on the
location of the complex natural resonances.

B. Complex Natural Resonances

The concept of using complex natural resonances for target
characterization is developed from the fact that all finfte-size
objects have resonances that depend on their physical characteristics
such as size, shape and composition as well as the medium surrounding
the object. These resonances, however, are independent of the excita-
tion[40]. As a useful bul inexact analogy, in circuit theory, the
form of the transient response of a lumped linear circuit may be
determined from the knowledye of the resonances and the corresponding
residues of the response function in the complex frequency plane.

The actual transient response of the circuit is then simply a summa-
tion of all the residues multiplicd by the inverse transforms of the
resonances. In 1965, Kennaugh and Motfatt[41] generalized the impulse
response concept to include the distributed parameter scattering pro-
blems and suggested that a lumped circuit representation, at low

26

P

g e i e

P

ra K w7 e o s e,

|
£




27

frequencies or long time, was possible. Later, similar and more for-
mal representations have been designated as the Singularity Expansion
Method (SEM)[7-8]. This hypothesis is generally supported by the fact
that typical transient response waveforms, such as those shown in
Chapter II, appear to be dominated by a few expcnentially damped sinu-
soids, Based on this concept, a subsurface target can be character-
ized by a set of complex natural resonances which is independent of
the location and orientation of the crossed-dipole antenna. These
resonance: . ouwever, are dependent on qround condition. Such a char-
acterization is attractive for it catalogs a target by a smali set

of complex numbers.

The backscattered waveforms from the subsurface targets received
by the pulse radar system are good approximations to the impulse re-
sponses of the targets. Furthermore, they appear to be dominated by
a few exponentially damped sinusoids, and thus can be represented as

N syt
r(t) = ] aje (4)
n=1

where r{t) is the received transient waveform, sy's are the complex
resonant frequencies or pole locations in the complex frequency plane.
These have, by common usage in this representation, become designated
as complex resonances or more simply as resonances. These various
terms will be used for sy in this document. ay's are the correspond-
ing residues and il is the number of complex resonancas within the fre-
quency band of the radar system. The corresponding expression in the
complex frequency domain is

Frrn] - ) ok (5)
y ! (57577

i=

where {:; 1 is the Laplace transform operator[42] and s is the
complex frequency. Note that the resonances are not dependent on

antenna location and orientation however, the re:;idues are.

In order to exploit Equation (4), it 1s necessary to first
determine the values of the complex natural resonances of the targets.
The method used here extracte the resonances of a target directly
from its transient response. This method is known as Prony's method,
which was first derived by Prony in 1795[12], and was later suggested
by Van Blaricum, et al., for extracting the pole singularities of
transient waveforms in 1975[14].
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1 C. Derivation of Prony's Method
% In discrete form, Equation (4) can be written as
] N 5iKTg
i r(KTg) = 1 aje . K=0,1,2 (6)
2 i=]
t
§ where K is the sampling index and Tp is the basic hardware sampling
. period of our measurement system (see Chapter II). For an exact
ﬁﬂ solution of the 2N unknowns aj and sy, we can set up 2N (nonlinear)
i equations by using 2N sample values of r(KTg). Prony's method uses
ﬁ 2N uniform samples, and
?ﬁi N s;nT i
3 r(nT) = _)] aj e ;on o= 041,200 M = 2N-1] (7) %
1 }
R i where T, the Prony interval, is the interval between the samples used R
.;\ along the waveform. In general, N itself also represents an unknown
g which is usually fixed by a trial and error process.* [f no waveform . ;
.., interpolation is exercised, T 15 equal to integer multiples of Tg. ; 3
| Writing out Equation (7), we have 2N equations B
_.! o
! ro = a-l + 02 ter + aN ',
- roE Azt apzp e MY
Zg : rp = ayz§ azz§+ e ayeR , (8) ;{
i '
1 ' M M : 3
‘ T'M = (]Zri1 + d222 + e + ﬂNZN 3:
, ) !
'
3 where
é : ry = r{nT)
i and
SiT
L Zi = ¢

*N represents the number of target resonances which are excited by
interroyating frequencies within the "system bandwidth".
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Equation (8) 1s a set of nonlinear equations in the zy's. Let 21,2y
*+* zy be the roots of the algebraic equation

g + u]Zl + (1222 t e u.NZN = 0 (9)

so that the left hand side of Equation (9) is equal to the product

(z-z])(z-zz) e (zmzy) = 0 ) (10)
that is,
? " ( ) (1)
a2 = oy (ze29) = 0 . 11
meo =1 1

Thus, if we can evaluate «y, then z; can be obtained by a simple
factorization of an Nth degree polynomial., To solve for a,, we
obtain from Eyuations (7) and (8)

N N N
¥ = > ( )i a.,z'.“"» v K= 0,1,2::MN

T R 1 : i
m=0 K+ m=0 . . i=]

Interchanging the order of the summation yields

? ? k ( ? m)
L™ S = ) asd .y 4
a0 m"K+m 4 i< o m&1

From Equation (11), we see that the summation inside the parenthesis
of the above equation is zero, thus, we arrive at the desired linear
homogeneous difference equation

N

Lok T
=0 m' K+m

0 3 K= 0,1,2*"M-N . (12)

Thus, the sample values of r(t) satisfy an Nth order linear homogene-
ous difference equation. This difference equation is commonly refer-
red to as the Prony difference equation.

The Prony difference equation {s linear and homogeneous, and
can be used to solve for the N+1 coefficients, i.e., ny's. In the
classical Prony's wmethod, these coefficients are obtained by setting
«an=) and solving the resulting matrix equation by matrix inversion

that s,
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AB = C (13)
where
o "M "2 ' "N-1
1o '3 TN
Aol
I"M-N "Ml TeNe2 T T
llo rN
1 r
B = .] and C=-~ N+] .
K- "™ _

Note that for M=2N-1, A is a square symmetric circulant matrix and

is readily invertable. Standard computer routines such as GELG[43]
can be used to do the matrix inversion. Once the n's are deter-
mined, the next step is to solve for the N values of zy. These z4's
are obtained by finding the roots of Equation (11). The N roots are
complex numbers and because r(t) 1s real, these complex numbers Appear
in complex conjugate pairs. The polynomial root finding process can
be easily performed by using standard routines such as ituller[44,45],

[t is now trivial to obtain the paoles sj. Since the roots of
Lquation (11) were defined by Equation (8), the poles are simply

5§ = %~un(zi) . (14)

The final step in Prony's method is to determine the value of
the residues a4, To do this, we simply solve the matrix equation
embodied in Lquation (8). In matrix form this set of equations is
written as

DE = F (15)

where

o e p—
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where now the only unknowns are the elements of the residue matirx E,

The above derivation of Prony's method 1s valid only when all
natural resonances present are simple poles. For multiple-order
poles, a slight modification is necessary in solving for the residues,
The derivation of Prony's method for multiple-order poles 1s given in
Appendix A for completeness, However, in this study we have not found
it necessary to postulate multiple-order poles.

In summary, Prony's method solves for the complex natural reso-
nances (poles) and the corresponding residues associated with the back-
scattered time-domain waveforms from a system of nonlinear equations
(Equation (8)) by breaking it down into three simple steps:

(1) Solve for the values of ay's of the linear Equation (13)
by matrix inversion,

(2) Solve for the poles by factoring the polynomial of
Equation (11).

(3) Solve for the residues from the linear Equation (15)
by matrix inversion.

The derivation of Prony's method is simpie encugh, However, 1ts
application to the measured backscattered waveforms 1s a much more
complicated process. The following section outlines some of the
difficulties.
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D. Clutter and/or Noise in
Prony's Method

. Prony's method has been found to be extremely sensitive to

i clutter and/or noise. [ts ability to extract the complex natural

! resonances of a waveform accurately is severely inhibited by the pre-
sence of clutter and noise[46-48]. Since Prony's method is an inter-
potation process (otherwise referred to as curve fitting), in the pre-
sence of clutter and/or noise, it will give a set of poles which fit
the noisy transient response but will not necessarily represent the
complex natural resonances of the target. Various signal-processing
techniques have been applied to reduce the eftfect of clutter and/or
noise in Prony's methodE46-48]. with the most common]y used being the
least-syuare error technique. With it, Equation T13) in the previous
section is solved in the least-square sense. In this case, M samples
are used in lieu of 2N samples where M:2N. Thus, the matrix A becomes
rectangular, and Equation (13) 1s solved by the pseudo-inverse techni-

que
ATAB = ATC (16)
or
“B = D (17)
i% where
» = ATA
E ' and
. - b = ATC
3 Since ¢ 15 the si1gnal covariance matrix, it 1s real, symmetric @
- and positive definite, and is thus readily invertible to yield the ¥
value of o's. ,%
P A second technique aoplied to reduce noise in Prony's method 1
- was brougnt about by the observation that, in solving for the N+1 i
1 ay's in the M homogeneous Equations (13), we can, instead of setting b
f an=1, require that the Fuclidean noru of the « vector Le 1. i.e., J
{ N |
. ‘ 1
1 SRR (18) |
m=0 -

Such an approach leads to the eigenvalue method[48,49,52].
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Instead of setting the leading coefficient .n=1, we can of
course set any of the N+1 coefficients ta 1 in solving for the wy's
of Equation (10). Such a constraint leads to the interpolation
version of Prony's method[51,52].

s g

The classical Prony's method, the eigenvalue method and the
interpolation version of Prony's method were all considered in this
study. For compieteness, derivations of the eigenvalue method and
the interpolation version of Prony's method are given in Appendix B.

i

e

Numerous other signal-processing techniques have been applied
(46~47], thus far, however, no completely satisfactory result has
been reported using measured data. In the following section & syste-
matic procedure that is giving good results for the present data is
outlined, This procedure was used in extracting the complex natural
resonances of the processed backscattered waveforms in Chapter II and
ylelded our best results to date. As we will see, the procedure does
indeed provide satisfactory target separation.

TR W T I
ORI N ey

The problem 1s really one of linear prediction and is prominant
in many diverse disciplines[53]. No general solution has yet emerged ;
and the acceptability of a given method really depends upon the appli- ,
cation. It is interesting however that minimizing the total squared j
error {actual vs estimate? in some sense s a common starting point.

Yet this in no way optimizes the “esonance Tlocations. For our purpose h
because the resonance locations need not be found in real time, pre-

sent methods are adequate if not completely satisfying, A real need

is to compiic and translate all of the various methods already being

used, Such a tutorial unified review would be invaluable but is be-

yond the scope of the present effort, We can of course easily incor=
porate any new techniques into the identification scheme.
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' E. Applying Prony's Method to the Preocessed
e Measured Backscattered Waveforms

e L A M i

D In applying Prony's method, one approach is to pre-determine
b the following parameters:

J. N, the number of poles to be extracted from the waveform,
Van Blaricum{14,15,47] suggested a method which relies on
the fact that the (N+1)th eigenvalue of the matrix should
equal o2, the variancce of the additive gaussian stationary
and uncorrelated noise., Such a method does not seem
practical for our measured data in which the clutter seems

tn be nonstationary (transient).

TN T

T T A N

2. T, the Prony interval., Obviously, undersampling (T too
large) will almost surely bring aliased results, It was
also found that oversampling produces extraneous high

[ frequency poles,
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3. tgy t, the start and stop time of the fitting interval.
tg muSt Tie in the time region where the forced response
portion of the backscattered waveformn has ended and t
must lie 4n the region where clutter/noise effects arée
not dominant.

RO N

4, M, the number of sample points used in the fitting process. ]
M determines the amount of overspecification on the system |3
of Equations (13). '3

R R el

In the presence of clutter and/or noise, it was found that the %
4 accuracy of the extracted resonances was found to be extremely sensi- i
1 tive to the values of the above five parameters[48]. For the method '
g to yield an accurate solution, we have to find the "right" set of .
B values for these parameters. The approach developed in this study
b is to vary these parameters (over a reasonable range) and assume that
the "right" values of the parameters corresponding to the "desired"
resonances are those that allow the closest approximation to the mea- -
sured waveform in the time domain. That is, a calculated waveform is ;
developed from the resonances and residues found, and this waveform is
compared to the original waveform point by point over the fitting
interval [te,t.) and the 1otal squared error found, The solution
which affords ghe smallest total squared error is considered to be the
| “desired" solution. This approach is used to find the coefficients of .
B | the difference equation but once done for a target needs not be re-

( peated for target-separation purposes. [t is conceivable that such a

‘ searching procedure can be lengthy. Furthermore, ranges of the para- 8
meters are dependent on the waveform being processed. However, with g;
o a 11ttle experience, one can usually minimize them. The ranges of o
b these parameters in this sutdy were fixed as follows:

1. The number of "significant" peaks in the Fast Fourier

E Transform of the waveforms is usually a good measure of :
Y N and since the nunber of "significant" peaks 1s between 4
. 2 and 7 in all waveforms considered, the range of N was
- chosen to be from 4 to 14 (we assumed that one peak

k corresponded to at most two poles).

e ™} 1T prg e

1 2. Shannon's sampling theorem constrains the maximum value

i of T, while the bandwidth of the radar system {<500 MHz)

N constrains the m1n1mum value of T.* The values of T were

. chosen to be 3Ty, 5T, -+« 10T, corresponding to minimum :
[ and maximum Nyquist .roquenc1gs of 256 MHz and 768 MHz, h

'g : respectively, b

*f?éﬁhéﬁé@égnbéybﬁd the system bandwidth conlains noise only unless ’
<. we attempt some spectral estimation techniques., The approach may s
E be worthy of study when studying "deeper" targets,

P
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3. The values of tg were chosen to be ty.,,(tyax*2Tg),
(tmax""‘TB) s (tn)ax+8TB) Where tmax iS the time at
which the absolute maximum of the waveform occurs. It
was found that such a choice ensured a decaying nature
in almost all the waveforms considered. t_ was chosen to
to be the time at which the balun reflectifn oceurs
(see Chapter 11).

4. Since a vastly oversized M would result in an unstable
solution from Prony's method[13,15,48], the values of
M were chosen to be 2N, 3N, *++ 6N.

Each set of values of the five parameters (N,T,tg,tg,M) will
give a set of complex resonances when Prony's method 1s applied to a
waveform., This set of complex resonances maximizes the fit between
the approximated waveform rﬁ(t) and the measured waveform r(t) in the
interval [tg,tg+(M-1)T] with the campling interval of T. For al)
complex resonances resulting from all possible sets of (N,T,t .te.M)
in the chosen range, the "desired" set of complex resonances is
chosen to be the one which minimizes the tptal normalized point-by-
point squared error ¢ over the error-calculating interval. The errov

ry Which will be henceforth referred to as mean-sguare error, is defined

as . 2
(1 (r(t)-rAm)?)/(% (Rrde) 5 ety ()

[n this study, r(t) was taken to be the processed measured wave-
form and the approximated waveform rA(t) was generated via the method
of Tinear prediction[53], where

N -
rA(t+moT) =y A ry(t+mT) (20)
m=0 “mo
m#mo

In Equation (20), rA(t) and rM(t) are the approximated and the
processed measured waveform, respectively, the n,'s are the difference
equation coefficients obtained from the Prony's method, and mg is an
index chosen for suppression of clutter and noise effects. In this
study, m, was chosen to be the coefficient of maximum magnitude.

With Equation (20), the mean-square error v can be expressed as

R 3 L A I L A . .
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t‘n_NTﬂ"(ﬂ 0 N v )
) ( o ra(temT) !
- y 4 Y : ]
t«tS +moT o m-Oﬂ : !
PoE wt“e-:N*Tﬁg—"""“*‘“—'M iy t = 1T . (21)
: 2 2
t=t Ln T (rA(t)+rM(t)>
s 0

From Equations (12) and (21), we note that the mean-square error . 3

is 2ero when the measured waveform is free of clutter/noise and is
perfectly characterized by Equation (4). The error should be small
when rM(t) is closely approximated by Equation (4),

The choice of the above error criterion is related to the form
of the correlation coefficient ~osen in the target identification al-
gorithm of Chapter IV, in such « way that minimization of ¢ results
in the maximization of the correlation coefficient,

;i With the above search procedure, Prony's method and its varia-
| tions were applied to the processed waveforms to extract their complex
A natural resonances. Results are shown in the next section,
1

F. The Excracted Resonances of

the bubsurfaCP Targpts.
X ' The locations of extracted rescnances of the mine-like target
at different antenna locations in icy ground are plotted in Figure 13
(here only poles in the upper left half s plane are shown, details
are given in Appendix C). From Figure 13, we make the fcllowing
ohservations:

I, The extracted resonances tend to form “clusters". Some
possible clusters are shown in Figure 13. The formation
of these clusters are based on the obviousness of cluster-
ing of the resonances and lhe known fact that the accuracy
in determining the real part of the cxtracted resonance is
normallv poor. A cluster can contain at most one pole
extracted from a waveform. Poles with residues which are
three orders down in magnitude compared to the maximum
residuc are discarded. Poles which are remote from the
clustered groups are excluded. Beyond an obvious weighing
dictated by the actual pole locations no real significance
should be attached to the shape of the closed contour
surrounding each cluster.

2, Only a small number of clusters br resonances are present.
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Figure 13. Location of the extracted resonances of the
mine-1ike target at different antenna
locations in icy ground.
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3. The variation in the real parts of the resonances within a
cluster is generally greater than the variation in their
imaginary parts. There is at least one more major factor,
besides the ever-present clutter/noise, that causes such
variations, namely, the target-antenna interactions. At
the shallow depth of 5§ cm, for most antenna locations
considered, the targets are in the near field of the
antennas for the entire bandwidth (< 500 MHz) of our radar
system.

4. An additional factor contributes to the variations in the
extracted resonances from the mine-like target, namely,
its complex structure. This target possesses the most
complex structure of allitargets considered.

5. The phenomenon of certain resonance(s) being weakly excited
in certain radar aspects is evident. The weakly excited
resonances were .not extracted.

6. As expected, the residues are aspect dependent.  This
becomes evident by noting the variations of *' - ::agnitude
of the residues of the poles in the clusters {See
Appendix C).

7. The mean-square error ¢ is small (< .01, see Appendix C)
in all cases considered, meaning that the finite sum of
complex exponentials fits the measured waveforms well.
This is a necessary condition for our identification
algorithm whose correlation coefficient is defined to be
unity minus the mean-square error ¢.

In this study, a subsurface target was characterized by the set of
average extracted resonances. Averaging was performed over all the
extracted resonances in each cluster. For the mine-like target, the
average extracted resonances are shown as solid dots in Figure 13.
Parameters such as the variation from the average of each pole with-
in tne cluster is not meaningful because of its causes which include,
besides the effects of clutter and noise, the possible variations in
the pole excitation at the various antenna locations and orientations.
STight pole variations due to the variations in the antenna locations
and orientations is possible for the finite exponential sum represent-
ation of the targot's transient response is only an approximation and
that the targets .onsidered are located in the closed vicinity of the
radar system.

The extracted resonances shown in Figure 13 were obtained using
classical Prony's metnod (i.e., ay=1). Classical Prony's method was
found to extract poles with tighter clusterings among the results
given by other methods under the constraint ap=1,m=0,1---,N[52]. The
eigenvalue method provided results similar to those given by the
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Classical Prony's method. Thus, no clear cut choice of method was
discernable. Accordingly, the extracted resonances shown fn this

dissertation were the results of either of these two methods.

In order to see the effects of the changing ground condition on
the location of the extracted vesonances, the average resonances of
the mine-1ike target in different yround conditions are tabulated in
Table 1 and are plotted in Fiqure 14, From Figure 14, we see that
there were five (pairs) extracted resonances. The imaginary parts of
the extracted resonances were relatively insensitive to changes in ;
ground condition. This seems to imply the resonances of the mine- ;
1ike target are internal resonances. This alsc means that the :arget ;
identification scheme when applied to this target will be relatively
insensitive to ground conditions.

The implications of the fact that there were five (pairs) reson-
ances extracted from the mine-1ike target waveforms 1s significant.
It means that this target can now be characterized by a finite-order

system,
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Not all the extracted resonances are related to the scattaring
mechanisms of the mine-1ike target. 1In fact, the lowest resonaace
was found to be the antenna resonance of the system. This becomes
particularly clear when we study the resonances extracted from the
mine-11ike target waveforms collected with a 12m long antenna. By
gating out the Tate~time portion of the barkscattered waveform from
the mine-like target received by the 12m long antenna, we effectively
eliminoted the resonunce of the antenna created by the finite length
of the antenna arms., Thus, poles extracted from these waveforms are
all target-related, A typical such backscattered waveform in the
time domain is shown in Figure 15, The short time window (compared
to the 0.6m long antenna waveforms of Figures 7) of the waveforw
indicates the absence of any low frequency content. The average
extracted resonances from the mine-1ike taraet waveforms received by
the 12m lcng antenna at various locations arc shown in Figure 16.

A quick comparison with the extracted resonances from the 0.6m long
antenna waveforms reveals the fact that the resonance with imaginary
part of approximately 60 MHz {s the antenna resonance. Thus, for the
system with the 0.6m long antenna, four (pairs) target resonances
were present in the received waveforms., The antenna resonance was
extracted from almost every waveform of all targets considered.
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In contrast to the case of the plastic mine-1ike target, the
brass cylinder was found to possess external resonances. Table 2
11sts the average extracted resonances of the brass cylinder in
vartous qround conditions. Locations of these resonances are also
plotted in Figure 17. From Figure 17 we see the following effects
of the changing ground condition on the extracted resonances of the
brass cylinder. First, the antenna resonance is insensitive to changes
in the ground condition. This may be attributed to the fact that the
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arms of the crossed-dipole antenna were not in electrical contact with
the ground surface. Second, the imaginary parts of the three higher
order* resonances increased significantly when the ground changes from
dry to icy. This is tuo be expected, because the resonances of the
brass cylinder are external resonances. The increase in the imaginary
parts of these external resonances indicated a decrease in the value
of the dielectric constant of the ground. Third, the real part of

the three higher-order resonances generally decreased as the ground
changed from dry to icy, indicating that icy ground in this case was
more lossy. The increase in loss seemed to be the reason for the
absence of the real cylinder pole in icy oround.

The average extracted resonances of the aluminum sphere, copper
sheet and wood board are tabulated in Table 3. From Table 3 we see
that the antenna resonance is present in the waveforms of all targets.
Note that the extracted resonances of the five targets considered lay
in the same general region of the complex frequency plane and are
only marginally separated. Such is expected to some extent because
all targets considered have (again marginally) similar sizes. Such
marginal level of distinction in the poles s expected to present
difficult tests for the identification algorithm. Furthermore the
number of resonances for thr various targets are also close (4 to 5
pairs); this further tests our identification method.

The location ¢f the target resonances are related to the scat-
tering mechanisms of the target. For subsurface targets, these rela-
tionships are complicated by the presence of the air-ground interface,
the ground condition and the characteristics of the transient antenna
system. For shallow targets the near-field effects and the target-
antenna interactions further complicate the picture. In this disser-
tatifon, we do not intend to explore these relationships. Instead, we
proceed to use the extracted resonances for identification of the
various subsurface targets. In the next chapter, a basic identifica-
tion algorithm will be given and identification results using the
extracted resonances as the discriminants will be presented.

*Order here denotes increasing imaginary part.
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CHAPTER IV
THE PREDICTOR-CORRELATOR IDENTIFIER

A. Objectives

This chapter summarizes the target identification procedure
based on the predictor-correlutor identification method[40,9-11],
A detailed analysis on the predictor-correlator is presented.
[dentification performances based on r2al radar measurements are
given,

Processing for target identification using the predictor-cor-
relator consists of comparing a measured waveform from an unknown
target with a calculated waveform produced using the resuvnances of
a known desired target. The procedure {s as follows:

1. Preprocessiny: The preprocessor attempts to suppress
clutter and noise. For "single-Touok"* identification,
the following preprocessing steps avre taken:

poi a. Arithmetic Averaging (see Chapter II).
b, Amplitude Shift (see Chapter II).
c. Time Shift (see Chapter II).
; d. 90"-rotation Difference (see Chapter II).

e. Filtering: It was found that with the systom under
discussion, almost all of the tairget signal energy
resided fn the 0-500 MHz region (see Chapter I1),
thus, to suppress out-of-band clutter and noise 4
low=pass trapezodal filter with the transfer function
shown in Figure 18 was inserted into the preprocess-
ing unit, Various critical frequencics were tested,
the ones shown in Fiyure 18 yielded the best ‘dentifi-
cation pertformance.

E

T R TRTY M SO T e

* {.e¢., Identification based on a single radar observation
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L Figure 18, Transfer function of the pre-processor filter

ﬁ' used in the 0,6m long antenra system for

y target identification.

£

{ For design flexibility, the filtering processes were

o performed in the frequency domain with the Fast Fourier ;
k (rans form (FFT) package available in the digital computer i
| system 1ibrary. The only goal of the filtering operation !
§ is to remove the out-of-band frequency zontents without s
e adding any extranecus frequencies to the spectrum of the j
P target response. The trapezoidal filter structure is a e
' digital filter and was used here because of its Tinear .

phase characteristics and the avaijlability of the FFT b

! package in the digital computer. The FFT package allows i
. tremendous flexibilities in digital filter design., It

’ is important to note that the use of the trapezoidal :

filter here was not meant to be "optinum"., More extensive }

e AT e

] study may well yield a better filter structure.

i

1 2, Detection: The detector performs a screening operation -
A for the predictor-correlator identifier by rejecting as P
, undesired-target waveforns those waveforms whose para- |
: meters are not within the desired ranges. The para- 1
] meters considered in this study were: o
T )
%
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a., Waveform energy (as defined in Chapter 1I).
b. Peak timing of the waveform.
c. Peak amplitude of the waveform

The desired ranges of the detection parameters were determinea
by studying the ranges of these parameters of the desired-targat
waveforms. Examples illustrating the choosing of the detection para-
meters are given in Section F of this chapter.

3. Prediction: Predict the calculated waveform using the
Prony difference equation, . . ‘
4. Correlation: Calculate the correlation coefficient for
threshold identification by comparing the processed and
the calculated waveforms. The correlation coefficient is
defined to be unity minus the normalized total squared
error,

This approach assumes that the poles and the difference equation
coefficients for the desired target have previously been obtained.
Thus, only simple algebraic operations are 1nvolved in calculating the
correlation coefficient for an identification decision.

B.  The Predictor

Tha predictor generates the calculated waveform. With the come
plex natural resonances and a chosen value of T, the coefficients
w8 of the Prony difference equation (see Equation (12)) can be
determined via Equation (11). Thus, for one value of T, we can gen-
erate a calculated waveform by one of the following methods:

1. One-step preaiction:

N-1
(N = | ry(ten) (22)
m=

or

2. Interpolation:

N -«
reltem T,7) = ) Mo () (23)
0 m=0 “m M
0
mfmo

e —p———— BT e ity . S e e . .o . PR -
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vhere

t = ts+"TB , n=0,1,2++:

and

T=1TB » 1'].2."'

relt,T) and ry(t,T) are the calculated and processed measured wave-
form, respectively. t. is the start-time (see Chapter Il and III).
The parameter my is an index chosen for suppression of clutter and
noise effects. In this study the interpolation method was used and
M, was chosen to be the cocfficient of maximum magnitude. By com-
par'ing Equatidns (22),"(23) aid (12) we note that when the measured
waveform is from the desired target, r.(t) and ry(t) are equal and
hence perfectly correlated. Note that one ca]cu*ated waveform 1s
constructed at each chosen value of T and the same measured waveform
is used to construct calculated waveforms for all chosen values of T.

£ The one~step prediction method was first used by Hill who

. applied it to the detection and identification of targets (above

E ground) near the half space[40]. This method was then modified by
E Moffatt, et al.[9] to become the interpolation method for improved i
. performance in clutter/noise. The predictor uses past values of the g
measured wavefornms only, while the interpolator uses both past and 3
future values and, together with its normalization process, was found ]
to perform better in the presence of clutter/noise,

C. The Currelator

The correlation coefficient, formed by comparing the calculated
and the processed measured waveform, is a function of T.

La-NT+myT
v It T) -y (1) 28

t=t¢¢moT
e N N (24)
G LT3
t=to+m T :

where the start-time t_ is taken to avoid the forced response of the 3
backscattered waveformiwhile the stop-time tg is taken to avoid the ;
Tow-amplitude signal at the tail end of the waveform. In this study

ty was taken to be the time the absolute maximum of the waveform }
occurs, while tg was taken to be the time the balun reflection occurs. ¢

Equation (24) can be rewritten as




te-NT+moT
I 2 (t,TIry(t)

® T Nt : (25)

We note that the numerator of the quotient in Equation (25) is the
cross-correlation between the calculated and nrocessed measured
waveforms. The nominal range of n(T} is -1 < p(T) < 1, and

#(T) = 21 when r (t) = + ry(t) . (26)

The quotient term in Equation (24) is identical to the mean- .
square error c in Equation (21) when the approximated waveform rA(t) 5
in the Prony process is egual to the calculated waveform rc(t). Thus, 3

ofT) =1 - ¢ . (27) E

The importance of Equation (27) lies in the fact that it ties
the characterization and the identification processes together ‘.
such a way that optimization of one process (e.g., minimum ¢) wi.|
lead to the optimization of the other (maximum o(T)). Therefore,
the evaluation of optimum values of the parameters (N.T.ts.te.M) in
the characterization process leads also to optimum values in the f
iden%i{ication process. This is rather significant in the evaluation
of v(T}.

From Equations (24) and (25), we see that the interval in the
error calculation is from to+m T to to-NT+m,T, giving an error
interval size of to-t -NT. Thus, the size o? the error interval
decreases as T increaSes.

D. The Predictor-Correlator as a Filter

In order to understand the operation of the predictor-correlator

identifier, it is helpful to consider the identifier as a linear
t'me-invariant filter.

From Equations (21) and (24), we see that, an instantaneous
errur e can be defined as
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N o
e(tm T) = ry(tmyT) - r (tmT) = i o rytamT) . (28)
m=0 s
Thus, the instantaneous error ¢ can be interpreted as the output of
a Finite impulse response (FIR) filter[54-56) with the filter coef-
ficients a& where
a
¢ .. M
an ® T (29)
Mo

Note that although the filtering operation is based on the sampling
interval T, the instantaneous error exists at the sampling period

of T,, where T is taken to be multiples of Tg- In the 7 domain [54-56],
the Qnstantaneous error is given Ly
N k1
E(Z) = 1 1},o 2 ® C(2)Ry(2) (30)
where

E(Z) = é transform of the instantaneous error, based on T
Qa
c(z) = ) A-m ™™, {s the Z transform of the filter
m=0 "m coefficient sequence.

RM(Z) = 2 transform of the processed measured waveform

and
T = KTB, K= 1,2, .

The product C{Z)Rw(Z) in Equation (30) is the filtering opera-
tion in the Z domain. Since the Z transform is based on the sampling
interval T, thus this product term alone results in samples only at
the sampling intervals ¢f T in the time domain. The weighed sum
operation (weighed by 21/K) fil1s the time interval between these
samples with samples at finer sampling interval of Tp. and thus
assures a better error waveform resolution. The presence of the
factor 2-N7W0 {5 to make sure that the starting point of the instan-
taneous error be consistent with that stated in the definition of
the instantaneous error for the case of the interpolation method.

Using Egquations (11), we rewrite Equation (30) as

N k-1 L
£(7) = TL z 9y
mO

2K R(z) 1 (-2717) (31
i=Q RM = BN

T

T e
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where 7; = e J are the locations of the desired-target resonances
in the i plane, s; are the complex resonances in the s plane and N
is the number of Complex resonances of the desired target. Note
that the locations of the complex resonances in the Z plane are

functions of the sampling interval T.

iy From Equations (24-31), we make the following important observa-
ons:

1. The mean-square error - is the normalized energy of
the instantaneous error e. ¢ is directly related to
e as follows.

gJM
.- , 32
&a+zzﬁm-2§mmao %)

(2 Sl

where the summations in Equation (32) are taken over the error
interval. The lower and upper bounds of the mean-sguare error .

are given by Equation (33)

] A3 - > 1..

I AN AN )
U XA

where
i e2(t)
ANt
e Fave
%rM(t)

and the summations are again taken over the error interval.

The error bounds are plotted as a function of x in Figure 19.
From Figure 19, the following observations are made:

a. « 1s bounded as follows :
2 T "'_O .
| = 2 when e(t) = 2r,(t) and (34)

v s O wihen e(t) = 0.
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b. The lower bound of ¢ increases monotonically as the enerqgy
of the instantaneous error «'* increases. c approaches
1 as ¢' approaches infinity.

¢, The upper bound of £ increases monotonically from 0 to 2
as ¢' increases from 0 to the value of

4] TH(E)/ (gt )/Tg)

At this ¢' value, ¢ attains its maximum upper bound of 2.
The upper bound of ¢ decreases from 2 to 1 as ¢' increases
to infinity. Although the upper bound of £ does not in-
crease monotonically as ¢' increases from O through its
entire range, the lower bound does. Thus, it is reasonatle
to say that large c' generally means large ¢,

R B i b i, ot - L o o

i

Ebiie e

e P T

R
e 240

2. The difference between the one-step prediction and the :
interpolation method 1ies in the filter gain normaliza- ]
tion factor 1/amo. In the one-step prediction method,

| aN=1, thus, the possibility of larger-than-one filter
- coefficients om exists. Such filter coefficients would :
of course amplify clutter and noise effects. In the k
interpolation method, am, is the difference equation
coefficient of maximum mggn1tude. Thus, no filter coef-
ficient can have value larger than one,

3. For the desired target, Ru(t) is given by the Z transform
of Equation (4) and thus Equation (30) can be written as

1N
=N+m_ k-1 -1 3
: 1 o v ki il -1
- E(2) = —— 1 Y 2 Y — 1 i (-7
. . 20 Wl (1) | e )

i
~N+m . k-1 N
« g 0 2 K N__.__QLZI_,.. I (1-2‘1zj) (35)
1

3=

POTEPRRTE R
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where Ny 1s the number of complex resonances present in
the wavlform and, N is the number of all possible complex
resonances of the desired target present within the radar
bandwidth and used for target identification purposes.
Since certain target resonances may not be excited for
some radar locations and orientations, Ny and N are not
gefessar11y equal. 0(Z) is a polynomial of order Ny 4n

From Equation (33), we see that the predictor-correlator iden-

tification process is basically a pole-removal process. Furthermore,
the process of pole removal is pergormea by putting zero's at the
locations of the poles.

In the case of Ny=N,

1
=N+m k-"' v
gz) = -z ° ) z2f ) : (36)
m {=0
0
Thus
e(nTB) = H#" q(nTB) = 0 for aTpzm,T (37)
0
where B
k
q(nTg) = z " 0(2)

where a'][ ] is the inverse 7 transform operation. Since Q(Z) is a
polynomial of order N in -1, q(nTB) is zero for nTg > meT [54-56].
Thus, the instantancous error e(nTp) is zero for nTg > meT and the
mean-square error would also be zero in this time region. The

above derivation is based on the assumption that the resonance time
reqion of the waveform starts at t=0. Since the resonance region of
the waveforms considered in this study is assumed to start at twtg,
the mean-square error would be zero for t ~ t +m T, This 1s the

. h
lower limit of the error~calculation intervalSas®defined in Equations
(21) and (24).

In the case of N]<N.

1
e k) b e
e =z 0T zRam ) erlz) (38)

My i=0 3=
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Thus
e(nTB) = q'(nTB) (39)
| where
é {
{ =N+m_ k=1 N=N
;:-! HUSEESE RN K q(z) Jn]‘ a-rlz) | ()

ﬁ Since 0(Z) 1s of deqree Ny 1in 2'1. thus q'(nTg) 1s again zero for

1 nTg:maT. Thus putting the number of all possible extracted resonances
! of the desired target in the identifier assures a zero error and thus

t a unity correlation coefficient for the desired target waveforms from

all radar locations and orjentations. If not all possible extracted

W resonances are used for target {dentification, the possibility of
iy Ny>N exists and in this case,

" |
M -N+m_ Kk
: O (a1)
=]
The instantaneous error has poles in 1ts 7 transform, causing ﬂ

it to be a waveform of infinite duration [54-56]. Thus, a large mean-
Square error could occur for a desired-target waveform, possibly caus-
ing the correlation coefficient to be much less than one.

4. For an undesired target, the instantaneous error depends ;
on the processed waveform ry(t) as well as the locations !
of the zero's in the identifier. Small error could result :
only in the cases where the undesired-target waveform is :
closely characterized by a set of complex resonances which
are approximately equal to the desired-target resonances [

(i.e.,, the zeros in the identifier). In the one-pole case
where,

c(2) = (1-27'z,) (42)

where R,(Z), the Z transform of the measured waveform is assumed to
have onmy one pole at Zy with residue 1. C(Z), the identification
filter is assumed to consist of a zero at Zp. The error can be
expressed as

-

3
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i
-Nem o k-1
K 1 -1
E(z) = — 2z % § 2% e (1-272,)
“m, 150 © {1-2777y) 2 (43)
Ny k1L -1 sl
= 7 ) e (2y~2p) =
Thus , - 9
HZy-2,11 | 2
EEA % (8 (£ =t )/Tg) (44)

where ||-]| denotes complex magnitude. Hence the total squared error
v 1s directly proportional to the magnitude square of the difference
between the locations of the pole and the zero.

In a two-pole case where

\ 1
Ry(2) = 4
M 12711, 1172
(45)
¢(z) = (1-2717,)(1-2712%)
PUANRRY

where [ ]* denotes complex conjugation. The error can be expressed as

e
N ksl
B2) == 2 © § 2K L+ —]
iy 10 12z, 1w

0
(1-2712,)(1-2712% (46)
2 2)
i e N T T R i
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or
-N+m k-1
E(Z)=u—1-- z Z zk \ru z“z*)+(lz'1z)+
My L
- [(21 2) (Z]-Z )
v a8 o el
=177, T z1

i " 1
2 l(zrzz)zz . (21‘2'2')15]
R WAV | TS

The total square error ¢' is independent of the first two terms on the
right hand side of Equation (47). Furthermore, the inverse Z trans-
form of the last two terms are given by [54]

- . a2 1. *1,* u](t-T)
4 ! z ]( 1_12 + 1_12 ) = |[Z1-221|e X
1-2 21 1-2 21*.

From Eyuations (47) and (48), we see that

X COS [Lu-I(t-T) + 91] (48) .
: and 3
2 - ] - 3
o -1 |2 ((Z] ;%)EE. (Z Z])Z )] ;
a 1-2° Z]j 1-1 zy :
%; I l‘t](t-ZT) ‘
2 - 112z,01 17l] e X !
: i
? X cos[m](t-ZT)+0]+nz] (49) 3
¥ |
- where vy and v, are the arguments of the complex numbers (Z]-Zz) and
E Zg, respective%y
[

P O I

1 q(t-T) f
e{t) = *—- HZ]-ZZHO COS[(:J](f.“T)*U]] +
g T
+ |122||e cos[ (g (t-T)4oq) +

' ((.;1T+L12)]} : (50)
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Thus, the instantancous error depends on the following three items:

2 2CL]T 2(12T
a. The ?mplitude factor ||Z1-22|{ = e +e -
y tin
-2e 12 cos(w -mz)T| where s,=a ,+ju, 1s the
location of the 2dro of the fi1tér if th@ s plane,
-H]T "(“]"‘12)T
b. The factor 2e |l221| = 28 ,

¢. The phase term m]T+02=(m]+m2)T.

A1l of the above three items are dependent on the sampling inter-
val T. Thus, in designing the identification radar, the value(s) of
T should be chosen to maximize ¢' by considering its dependence on the
above three items, In maximizing «'. we note the following guidelines:

a. Small values* of T result 1in IIZ]-Z || approaching zero.
This causes ' to approach zero. Tﬁus. small T values
offer no identification capabiiity.

b. Large values** of T alsc result in ||Z,-Z,|| approaching
zero. Thus, large T values offer no 1Aen ification
capability,

¢. Intermediate value of T should be chosen to satisfy the
following ronditions as closely as possible:

ZulT 2a2T (u1+u1)T
i. e e and e , approach 1,

11, (m1-m2)T approaches tn ,
111, (m]+m2) approaches 2u ,

iv. To prevent severe aliasing effects, we require

that‘n;:uwT and mZT .

* Small T in this case means that the quantity (w,-u,)T approaches 0
T T +a,)T 12
(11 |12 1}

{1
and the quantities e y € and e 12 approach 1.

2(1.1T 2(19T
**Large T in this case means that the quantities e v e
(“] +(12)T
and e approdch 0.
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Conditions 1. and 11, maximize the amplitude factor
|12y-Z5||. Conditions 1. and {111, make sure that the second
term 1% Equation (50) 15 maximized and has the same sign as
the first term. Conditions 11, and 111. require that
erawyTar.* Condlition 1. requires that T be as small as
poss?ble. These, together with condition v indicate that a
reasonable compromise is to choose T such that wpT=r.

Although the above analysis is based on a two-pole systen,
for syslew of more than two poles, the above results are expected
to be reasonably valid when wy is taken to be the imaginary part of
the dominant pole of the measured waveform to be identified and wp
is taken to be the imaginary part of the zero of the identification
filter which 1s closest to the dominant pole. In practical target
identifications situations, the waveforms from the desired as well
as the undesired targets almost always contasn more than two poles
(see Chapzer 1I1I1). Furthumiore, the dominance of the resonances of
the undesired target is generaily unknown, Thus, for better identi-
fication performance, it is advisable tn base the identification
decisfon-making process on more than one value of T, Based on the
analysis in this section, the smallest "effective" value of T is In
the neighborhood of Ty where

T, = "_w L. . (81)
N (AIM 2 M

and mM=2ufM is the maximum imaginary part of the desired-target
resonances. In applying the criterion given by Equrtion (51) ‘o
choose the values of T for target identification, t«: word neighbor-
hood should be emphasized and taken to mean that, although the single
value of T for optimum target-separation performance ciannt be found
without the complete knowledge of the undesired-target waveform, the
value T=Ty should give reasonable, 1f not the optimum performance.
Furthermore, for target identification based on more than one value
of T, the region of 7 values chosen should contain Ty.

The analysis presented in this section are generalily supported
by the identification results obtained in this study. Identifica-
tion results are shown in Section F of this chapter.

* 1t s assumed that wpwy. Nowe thai the design of the Tow-pass
tilter in the preprocessor of Lhe fdentification radar assures
that frequencies higher than wp will be highly attenuated. Thus,
by g is a valid assumption,

3
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In this study, a "single-look" identification algorithm was used.

An identification decision was wade for every measured backscattered
waveform.  The identification algoritim was onc of threshold identi-
fication based on the values of (T) cvaluated at different values of

T, and the average value of p(T) denoted by <p(T.)>. Thus, the decision

0
algorithm was

*1
( #(Tgq) . wryi for i=1 and 2 -+ and I
]

31y
'|=

"Desivred Target" when
1.(1.'.1.4 “p (TO) R W_——'_I-‘”‘—" : [)THA %

p(T )k’p for '|=1(_J_[‘_2"‘_Qr1
"Undesired Target" when of TH

or l:P(To)) i I)THA J

“TH; is the identification threshold for ,(T) at the T value of Toq-
Toy's are the values of T chosen for optimum identification perform-
ance. prya is the identification threshold for the average of »(T)
taken ovilPall the values of T j. Thus, for a single measured wave-
form, we evaluate its correlation function p(T) at all chosen values
of Tpy and compare the values p(Toq) and «<olTg)» to pTHi and sTpa»
respectively for an identification decision. Figure ZO 11lustrates
the decision-making process. In Figure 2C, the value of the n(T)
curve represented by "dots" at Tgy, TOZ"‘TOS as well as <p(T0)> are

greater than their corresponding thresholds hence, the targets it re-
presents is by decision a “desired" target. The p(T) curve represented
by "boxes" has at least one of the values . (Tgi) or cu(TQ)" below its
corresponding threshold, thus, the tardet it represents is by decision

an "undesired" target,

R,

. <
P
i

Tpi's arc the value of T chosen for optimum identification per-
formance,  The values of Ty are closely related to the value of tie
resonances nf the desired target and Equation (51). Details concern-

ing the values of Tyy's will be further discussed in the next section.
In Tquation (52), quotation marks are uscd tu signify a decision, 1.e.,

"Desired target” s by decicion a desired target while in reality it
could be an undesired target (in case of false alarm),

The rdentitfication algorithm yiven in Equation (52) reduces to

its simplest form when only one value of Toi is cunsidered. In this
casce., the identification algorithin is

-t A ¢+
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‘{ NDesired target" when vl CTH
“ 1 : n E ( 53)
; Undesired targel" when p(lo) SPTH
In the following section, the predictor-correlator identifi-
cation metired is applied to the processed waveforms, Identification
N performance will be presented and discussed.
F.  Ferformance of the Predictcr-
Correlator Identifier
In order to demonstrate the effectiveness of the predictor-
correlator, a set of identification performance based on a single
value of +(T) were obtained by applying the predictor-correlator
alone (i.e., without the filter and the detector) to the differ-
ence waveforms. Identification results bhased on multiple values of
p(T) and with the filter and detector operations inse:ted will be
. | prosented late in this section. Tdentification performance was
x| charactorized by a o(T) curve. Typical ¢ (T) curves are shown in
“! Figure 21. In this case, the identifier was set to identify the
E % mine-1ike target in a wet ground condition,
. From Figure 21, we find that typical (T) curves have the
= following features:
-4 1. The value of »(T) 1is approximately 1 for small values
4 of T. This is true for p(T) of both the desired and
g undesired targets., This region of T has no identifi-
b cation capahility.
: 2. The region of T, where "optimal" identification perform-
- ance occurs is in the fmmediate neighborhood of Ty
. where ty is given by Equation (51). In this case for
o identification of the mine-like taryet in a wet ground
X condition. The resonances of the mine-1ike target as
g given in Table lc was used. Thus, fy = 420 MHz, corre- .
= sponding to the vounded Ty value of & Tg {or 1.2 ns). )
: For the ,(T) curves yiven in Figure 21, the rejion of :
4 Ty is from 6 Ty to 11 Ty.  This result supported the )
4 observations made in Section D of this chapter. The
p: fact thal the region of effective values of T contained |
. values larger than Ty indicated thato the dominant pole(s) \
-4 in the copper sheet waveform had imaginary purts lowoer l
b than 420 MHe. ;
b 3. Tie value ot ofT) fluctuates when T is much larger tnan _
b Ty (T 2Ty). This renion of T has no identification capa- Lk
: bility. Hesides the reason given in Section D of this ki
- chapter, this can also be attributed to the fullowing. :@
§




R 65

A . S

!
: MINE-LIKE TARGET
i [= ~ ——— COPPER SHEET
; Q
-
¢ z ;
y i
- o .
- v )
. E
3 w 3
' o
é . z L ) G W Y S N l R U U G ¥ l TN U WO Wy | ]
! z \ 124 18 24 30
1 : \q. ISAMPLING INTERVAL T (0.2ns)
4 J
1 w -
: (1 4 K
; € ,
o_o'5r.._ ]
i i
b i %
f l i
i —1.0\—
‘ Figuire 21, Typieal (T) curves for the identification ;
of the mine-Tike target in wet ground. i
% :
b
; > a® e .« “ ., o we® @ » s e s . R I q
!
3 11
3 i
1
]
;
i* 'f




2

TR RS IR

SATITTER N ST

TR T

TSR

66

F]r§t. aliasing of the high frequency zeros in the iden-
tifier makes these zeros ineffective. Second, the size
of the error interval of the error . decreases as T in-
creases, for the number of instantaneous error samples
used in the calculation of ¢ decreases. Third, because
of the large value of T, only the tail end of the mea-
sured waveform s used in the calculation of . This
region of the measured waveform has low signal level.

The above features of the ,(T) curves were generally observed
in almost all cases considered. The significance of these features
is that optimal identification performance occurs in a confined range
of T values in the immediate neighberhood of Ty. Hence one knows a
priori the value or range of values of T on which to base the imple-
mentation of the radar system. These features are aguin demonstrated
in the ,(T) curves given in Figures 22 and 23 for the identification
of the mine-1ike target and the brass cylinder in dry ground, respec-
tively.

In this study, the criterion for optimum identification perform-
ance was to require perfect identification of desired-target returns,
and thus optimal performance was the one with the Towest false alarm
probability obtained by varying T. Single-look identification and
false alarm probabilities are estimated in a frequency of occurrence

sense. Thus,

N,
by = v (54)
N
.4
Pen - v (55)
where
Pl - Probability of identification

Prp = Probability of false alarm

"d“d‘ L] [ L L] L M

oo ¢ L}

N] = Total'ngmhur of desired-target waveforms within the
identification range.

N2 - Numver Qf de;irgd-targgt signals which are correctiy
identified within the identification range.

N3 Total number of other-tarqget waveforms.
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Ng - Number of other-target waveforms which are mistaken
to be desired-target waveforms.

Note that Ny, Ng basically determine the accuracy or "confidence inter-
val"[65] of the above estimates of the identification statistics.

To see the degree of separation beiween the mine-like target and
other subsurface targets, consider the distribution of correlation co-
efficients shown in Figure 24. 1In this case, the system is set to
identify the mine-like target in wet ground. From Figure 24, vie see
that, for Py = 100%, and Ty = 9Ty, the minimum separation margin be-
tween the mine-like tarqet and o%her targets 1s 0.93 in the value of
p(Te): In this case, tor an identification performance estimate of
Py = 100%," PFy = 0% ‘one can set the identification threshold pry 3t a . 3
value ranging from -0,26 to 0.167. The maximum value of py 1 0167, -
The correlation couefficients for the mine-like target shown in Figure 4

24 include only cases measured within the identification range Ryp. i

In this study, identification range is the radar range measured from ]

X the center of the target. Correlation coefficients for the other tar- 3

| gets include all cases measured. ]

: v,

P A sumvary of optimal single-look identi;ication performance is 1
given in Table 4 (for details, see Appendix E). Estimates of Pl

T

i‘ 100%, Ppp = 0% identification performance were obtained for the
" identification range of 30 cm measured from the center of the mine-
like target and the brass cylinder,

This set of identification performance basically established
the fact that the predictor-correlator identification method worked
in its simplest form and with a minimum amount of preprocessing.
However, in a practical system, une would prefer to have the filter
and detector inserted for better performance in more severe clutter/
noise environment provided that the amount of time taken to perfom

. these opcrations are not too large to make them non-cost-effective,
Furthermore, tne multiple-threshold algorithm would also provide
better performance.

et L R
s

s

o

é In target identification with detection and multiple~threshold i
' operations, the ranges of the detection parameters, i.e., waveform 1

enerdy, peak timing and peak magnitude must be chosen. Furthermore,
the values of T, as well as the identification thresholds ryy4 and .
FTHA Must be de%ennined. In th¥s study, stheece pamasieters weng .BXREKi=qe = .
] mentally determined via the following procedure: ‘
. o
4 . !
' 1. The ranges of the detection parameters were chosen to 3
) be the ranges of these parameters of the waveforms '
é measured from the desired target within the identifi- i
cation range, i
E 7. Choose the range of T,; values based on the conditions |
¢ given in Section D of this chapter. i
¥; ;;
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TABLE 4 .
- SUMMARY OF SINGLE-LOOK IDENTIFICATION PERFORMANCE 1
! OF THE SHORT-CABLE SYSTEM . ]
q PI=100% For A1l Cases :
‘ ' T e e R I R o “NDM‘BEE Ol; - .1
;é WAVEFORMS
] I8
DESIRED TARGET ab T, Py Rip. | PFA | &1 &
25 (cm) 2| gk
| £ R

MINE-LIKE TARGET | WET | 77g-97g . 183 30 0% 12
MINE-LIKE TARGET | DRY | 7T5-9Tp 483 15 0% 5

-—
~N

gﬁ , -
By '
4 l
3
\

W

MINE-LIKE TARGET | ICY | 7Tg-9Tg 423 30 0% 9 9
BRASS CYLINDER ICY | STg-7Tp 675 30 0% 9 9

E ‘ *PERFORMANCE FOR Ryp=30 cm WAS NOT OBTAINED IN THIS CASE.

Rip = IDENTIFICATION RANGE, MEASURED FROM CENTER OF TARGET

3. Choose the identification thresholds to be the minimum
values of (T44) and “p(TO)' evaluated from the desired-
target waveforms measured within the identification range.

An example is given below to clarify the above procedure. From
the waveforms measured from a mine-like target in a wet ground con-
dition, we evaluated their detection parameters (as tabulated in
Table 5) and determined the minimum and maximum of these parameters,
The ranges of these parameters were used as the desired ranges of the
detection parameters in the detector. With the extracted resonances
from the measured waveforms (as given in Table 6), and the conditions
given in Section D of this chapter, we chose the range of T,; values

" to be from (Ty-1g) o 2Ty " In this casé Fu=428 MHz, thus

- '
Ty = [< _l‘ _] = 57
N
2x428x 10 B

e b

bl St

* [} denotos greatest integer,
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TABLE 6

AVERAGE EXTRACTED RESONANCES OF THE MINE-LIKE

TARGET IN A WET GROUND CONDITION

e ———

-1.82908509E8
-9.76454733E7

POLE POLE
(REAL)* (IMAG)
-1.71536397E8 | 16.1601933 E7
-5.73125538E7 | +1.32122486E8
~2.87494683E8 | +2.27030133E8

+3.07411043E8
+4,28447900E8

*Real and imaginary parts of the
extracted poles are 11 nepers/s
and Hz, respectively.

With the values of T,y, we evaluate the values of p(Toy) and <p(l,)>

for the all measured desired-target waveforms. The m?n1mum of these

values are chosen to be the identification thresholds. This is i1lu-
strated in Table 7.

Table 8 summarizes a set of sinale-look identification perform-
ance based on the additional preprocessing and the multiple-threshold
algorithm. HNote that the size of the ensembles of waveforms consider-
ed indicates a better estimate of the identification statistics. 1In
obtaining this set of identification performance, the region of T
values was chosen to be from (Ty-Tg) to 2Ty. Details concenring Phe
identification results are given in Appendix E.

The identification statistics discussed so far were obtained
with the identifier "tuned" to the right ground condition, e.g., the
wet-ground resonances of the mine-like target were used to identify
the mine-like target in that wet ground condition. 1f the identifier
is not tuned, identification performance will degrade, e.g., for the
waveforms ¢qnsidered ipn Taple, 4y When thg dry-ground, resoninces were .
used to identify the mine-like target in wet ground, performance de-
graded to Pp=90%, Ppp=16.6%. Methods for on-location calibration of
the ground condition and automatic tuning of the identification radar
to ground condition is currently being pursued, One method is based on
the backscattered waveforms from thin wires measured using the same
puise radar system. On-location calibration of the ground condition
and automatic tuninyg of the identifier to the ground condition are
discussed in Chapter I[X.
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Identification is degraded when the radar frequencies do not
preperly span the target resonances, This is demonstrated in Chap-

ter V.
TABLE ©
SUMMARY OF SINGLE-LOOK IDENTIFICATION PERFORMANCE OF THE -
SHORT-CABLE SYSTEM BASED ON ADDITIONAL PREPROCESSING ;
AND MULTIPLE-THRESHOLD ALGORITHM
P1~100% For A1l Cases
- 1 - NUMBER OF
WAVEF ORMS
” = [=]
¢ < ]

3 DESIRED TARGET | 25 | T Rip | P S5

£ of | "THi | PTHA |ID)TFA | =lg e

= 28 H-IEES

2 i [1- 30 Qb=| D b=

t
3 4Tg | .948 A
i 1
>, 5Tg | .667 ;
- MINE-LIKE TARGET| WET,1| 6Tg|-.209 | .25937 | 30| o% 9 | 70 ;
E , 7Ty | 243 ]
E 8Tg | -+ 0615 :
L3 M
! 107 | .224 |
E 4
4 5Tg | .445 .
- 6T | -.488 \ g
i Mg | 127 :
¥ MINE-LIKE TARGET| WET,2 | 8Ty | .243 | .30080 | 30 |5.7%| 9 | 70 !
‘ oty | 289 é
é 0Ty [ .22 |
: Y * '8 ] ') "o “e . Y ) .o i.]TB. .'436, %
12T | -.259
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TABLE 8 (Cont.)
| 5Tg | .610
: 6Tg | .510
; 7T | .614
' BRASS CYLINDER | WET | 8Tg | .386 | .34073| 30| .97% | 9 | 103
; 9Tg | -.139
| 10Tg | .543
. NTg | .389
: 12T | .69
-
’ 5Tg | .197
6Ty | .481
g ; 7Tg | 600
b | ALUMINUM SPHERE | WET | B8Tp | -.106 | .42942 | 37 |6.12%| 8 | 98
= ' 9T | .218
b % 10T | .189
2 | 1Tg | 103
{ 12Tg | .34
i:

e BT TR R TAT
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‘CHAPTER V
EFFCCTS OF RADAR BANDWIDTH ON THE CHARACTERIZATION
AND IDENTIFICATION OF SUBSURFACE TARGETS

A. Introduction

The target resonances present in the backscattered waveforms
depend on the bandwidth of the radar system. Target resonances
residing near the band edge(s) or outside the bandwidth of the radar
system are either weakly excited or not excited at all. Thus, when

the radar bandwidth is reduced, the number of target resonances present

in the backscattered waveforms will decrease accordingly. In this
study, a set of data was obtained with an additional 200 m of con-
necting cables(RG-8) inserted in the system to keep the equipment in-
doors during inclement weather, These cables acted as a low-pass
filter with attenuation of 30 dB at 400 MHz and thus reduced the radar
bandwidth. Such bandwidth reduction was found to degrade identifica-
tion performance for certain subsurface targets under consideration.

B. Processed Waveforms_Obtained YWith
the Long-Cabie Systeul

Typical processed waveforms obtained with the long-cable system
are shown in Figure 25, A quick comparison between the waveforms in
Figures 7, 9 and 25 indicates the severe loss of high frequency in
the waveforms of the mine-1ike target and wood board, Furthermore,
there was a siynificant loss of signal amplitude for all waveforms.

C. Extracted Resonances

The averaye extracted resonances of the long-cable waveforms
from the subsurface targets are ygiven in Tables 9 and 10, A compari-
son between the extracted resonances in Tables 3 and 9, 10 indicates
a general Tob$*¥f high-frequency resonances in®the long-cable-wave- o
forms. The loss of high-frequency content causes Lhe high frequency
resonances to be either weakly excited or not excited at all. A
comparison between the resonances extracted from the two sets of
mine~like target waveforme (as plotted in Figure 26) shows that, in
the long-cable system, the resonance of the mine-1ike target at 300
MHz was not excited, while the rescnance at 400 MHz was only weakly
nxcited,
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D. Target [dentification Performance

Single-look identification performance is summarized in Table 11.*
As expected, identification performance degreded. The drastic degra-
dation in the performance for the identification of the mine-like
target and the wood board ciearly demonstrated the importance of high
frequencies for the identification of these two targets.

TABLE 11
SUMMARY OF SINGLE-LOOK IDENTIFICATION PERFQRMANCE OF THE
LONG-CABLE SYSTEM. ADDITIONAL CABLE LENGTH=200 m .
P1=100% For A1l Cases

NUMBER OF
WAVEFORMS

= =)

. S = &
DESIRED TARGET 250 To | oy Rip Pep Anll v
D0 LD (4]
28 (en) ZE|E2
DO Q| Dk
MINE-LIKE TARGET | DRY | 7T | .875 30 | 33.55% 9 | 152
BRASS CYLINDER DRY | 10Tg | .690 30 4.49% 9 | 156
ALUMINUM SPHERE DRY | 10Tg | .867 52 9.29% 12 | 140
COPPER SHEET DRY | 9Tp | .964 40 4,35Y% 1 | 138
WO0D BOARD WET | 7Tg | .823 45 | 23.98% 1 | 138

The importance of the high-frequency resonances of the mine-like

target stems from the fact that its high-frequency resonances are

dominant (see residues of target resonances in Appdenix C).
to identify this target without strongly exciting 1ts dominant reson-
To improve

ances results in the poorer identification performance.

target identification performance, the radar must be able to transmit
and receive more high-frequency energy in the vicinity of these high-
The short-cable system discussed previously repre-
However, much more

order resonances.

sented an improvement over the long-cable system,

An attempt

*This set of identification results was obtained based on threshold
identification with one value of Ty and without detection and

filtering.
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improvement can be made in the various cumpenents of the pulse radar
system to provide a better "match" between the system banqw1dth and
the bandwidth in which the dominant target resonances reside. One
of these components is the antenna system.

For the identificaticn of the plastic mine-like target, the
crossed-dipole antenna with arm length of 0.6 w (2 feet) did not pro-
vide a "good" match between the radar system bandwidth and the band-
width of the target resonances. The extracted resonances shown in
Figure 14 indicated that tho antenna resonance was not even near Lhe
high-order resonances of the mine~like target. Such mismatch of
bandwidths results in the low level of correlation coefficients as
tabulated in Table 8. For better characterization and identification
of the mine-like target, the frequency of the antenna resonance needs
to be increased. One easy way to accomplish such increase is to
reduce the size of the antenna. In this study, a smaller crossed-
dipole antenna with arm length of 0.15 m (0.5 feet) was built to pro-
vide a better matcl of bandwidths for the identification of the mine-
like target. Mine identification is the subject of Chapter VII.

In the next chapter, we study the effects of target depth and
size on the characterization and identification of subsurface targets.

. ¢ ——————— = -
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K CHAPTER VI ‘
: EFFECTS OF TARGET DEPTH AND SIZE ON THE CHARACTERIZATION
3 AND IDENTIFICATION OF SUBSURFACE TARGETS

¥ A, Introduction

To study the effects of target size and depth on the character-
ization and identification technique, two sets of targets were
buried (see Figures 27 and 28). The first set consisted of a series
of different-size brass cylinders buried at different depths. The
s second set consisted of a series of different-length 0.3125 cm (1/8-
- ineh) diameter thin brass wires buried at the depth of 5 cm (2
k| inches). Backscattered waveforms were obtained using the subsure
. face pulse radar at various antenna locations, Locations of the
I antenna center are shown as dots in Figures 27 and 28.

B. Processed Waveforms

A Processed waveforms from the cylinder and the wire targets are
. shown in Figures 29-31. From these waveforms, the following observa-
tions are made:

1. A1l these wavetorms exhibited some transient behavior,
signifying the possible existence of one or more natural
resonances,

. 2. A comparison between the brass cylinder waveforms shown

g in Figures 9 and 29 indicates that the signal level of

3 the waveform from the brass cylinder at 5 cm depth was

3 approximately 12 dB higher than that of the waveform
from the brass cylinder at 30 cm depth. This signified
a propagation loss of over 10 dB »er 30 cm (1 foot).

3. A burst of signal energy appeared in the early-time
portion of the waveforms from the brass cylinders at
3 90 and 150 cm depth., This was caused by a phenomenon
i known as the "Trencn effect"[22].

Rain, snow and evaporation changed the moisture content
4 of the ground ard the distribution of moisture was per-
] turbed by the Trench walls. At times during the rourse
of a year the groind in the trench was found by direct ]
measurement to be drier and at other times wetter

.. 83 ,
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than the ground outside the trench. Thus, the trench be-

§ came a scatterer. The trench signal obscured the cylinder
ﬁ signal and made the task of target identification difficult,
!

4. Careful study of the waveforms of Figure 31 from the thin

wires indicated that the time interval between zero cross-

} ings increased according to the increase in the wire size.
*% Such phenomenon was not observed in the cylinder waveforms.

C. The Extracted Resonances

1. Effects of target depth

= To see the effects of depth on the complex rescnances, the

g average extracted resonance of the 30cm Jong cylinders at different
. depths are shown in Figure 32, From these resonances, we make the
“ following observations:

' a. The high-frequency content in the backscattered waveforms

: was highly attenuated as target depth increases. The
highest-order resonance which was present in the 5 and
30cm deep cylinder waveforms was ahsent from the wave-
forms of the deeper rylinders.

b. All resonances with imaginary parts smaller than 400 MHz
were present in the cylinder waveforins of all depths.

¢c. The lowest-order resonance was the antenna resonance
(0.6m long antenna). This resonance was present in almast

all the waveforms of all targets at all depths collected
using this antenna,

d.  The imaginary part of the target resonances of the brass
cylinder occurred in integer myltiples of the imaginary
part of the lowest-order target resonance., This seemed
to sugygest that the extracted resonance of the brass

¥ cylinder were caused by the multiple scattering mechanisms

E along the length of the cylinder only (i.e., the dipole

mode)[21], the creeping-wave modes were not present in the

waveforms. The absence of the creeping wave type reson-
ances was furthgr emphasized when we compared the extracted
resonances of the same-size thin wire at the depth of 5 cm
to the cylinder resonances (see Figure 32). The same lower-
order resonances were extracted. This proved the absence

] of the creeping-wave modes, for the creeping-wave modes

b of the thin wires have resonant frequencies which are too

high to be present inside the bandwidth of our radar sys-
tem. The absence of the creeping-wave modes is attributed
to the high loss suffered by the creeping waves as it
traveled around the circumference, and the cross-polari-
zation effect; of the crossed-dipole antenna system,
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Figure 32, Average extracted resonances of the 30cm

long cylinders at different depths.
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With the absence of the creeping-wave type resonance:,
from the point of view of the target resonances, the thin
wire and the cylinder are indistinguishable. Separation
of these iwo targets ic possible only when discriminants
cther than the lower resonances are used. One such
possible discriminant is the forced response of the back-
scattered waveforms which contains information about the
profile area of the target[48].

e. The fact that the extracted wesonances of the 30cm long
cylinder are related solely to the length of the cylinder
suggests the use of these resonances to estimate the
parameters of the ground. If we consider these resonances
to be an approximation tc the resonances of the same-size
cylinder in a homcgeneous medium illuminated by a B]ane
wave, the imaginary parts of these resounances can be
approximated by Equaticn (54)[21]

fa=n - 5 o= 1,230 (54)
2LV

where L is the physical length of the cylinder, ¢ is the
speed of light ia free space and v, is the relative die-
lectric constant of the medium., Using Equation (54) and
the extracted resonances of the 30cm long cylinder as
given in Figure 32 the relative dielectric constant is
estimated to be approximately 20 at the resonant frequency
of approximately 100 MHz. This estimate agrees closely
with the estimate from other methods current1¥ being
investigated in the LlectroScience Laboratory(58].

The complex resonances of the 30cm long cylirders and thin
wire relate very simply to their physical size. This simple rela-
tionship disappears when the size of the target increases beyond a
certain threshnld. This is demonstrated in the following discussion,

2. Effects of taryet size

As target size increases, we expect the target resonances to be
Tower in frequency. Such expectation turns out to be warranted when
we consider the extracted resonances of the different-size thin wires
at. the depth of 5 cm as shown in Figure 33. Again, the imaginary
parts of target resonances occur in simple multiples of the imagi-
nary parts of the lowest-order target resonance, and as the length of
the wire increases up to 60 cm, the frequency decrea.e. according to
its size. This expectation turns oui to be unwarranied when the
length of the cylinder increases to over 90 cm at the depth of 30 cm.
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different-size thin wires at 5 em
depth,

e g ¢

s Frds Lot s s N e A B ' o i B Ot -

Koper ol St




ot ad S|

o

.

|
e erog

kY

e Fe s Ll

Extracted resonances of the different-size cylinders at the depth
of 30 cm are shown in Figure 34.

Although resonances of the large-size targets are no longer
related to their sizes in simple form, however, there are still
resonance- present in the backscattered waveforms. Hence identi-

fication of these targets is still possible. Some identification
results are presented in the next section.

500
O 30cm LONG
0O 90cm LONG o)
A 150¢m LONG g
v 300¢m LONG A g 400
CYLINDER DEPTH =30c¢cm
D v
Pa¥ -~
0 —300 w
X
("]
©
v S
o —200 ©
Fay
]
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&
| | | 0
-800 600 -400 -200 0
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Figure 34. Average extracted resonances of the different-
size cylinders at 30 cm depth,
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D. TJarget Identification

Some single-look identification performance results are given
in Table 12. Based on these results, the following observations
are made:

1. A1l false alarm probabilities were less than 8%. In some
cases, estimates of Py=100%, Ppy=0% were obtained.

23 2. Identification range decreased as target depth increased.
ﬁ In the next chapter we focus our attention on the detection
‘g‘ and identification of mine-like targets in more extensive and practi-
- cal situations. [Improvements over the Terrascan-like pulse radar are
J made for the implementation of a portable on-location real-time sub-
¥ surface target identification radar.
f-|
3
?l TABLE 12
3 SUMMARY OF SINGLE-LOOK IDENTIFICATION PERFORMANCE
k| FOR THE BRASS CYLINDERS OF DIFFERENT SIZES
g P{=100% For A1l Cases
b . hn ) s e S——— __T.... . e —— P N.U.MB.E.R. .O}:,,
e e o | WAVEFORNS |
D FA 2 ;
| LNGTH DEPTH | (em) | o |&
(Lm) (cm) South- East-* x| !
North  West HEREE
R S Sl A ]
30 30 30 | 30 3.080 | 11| 65 -
\ RN - . . o = e e e o e e e m el o i e e e s s s e eame
:; 90 30 60 30 7.25% 9 | 69
; 150 30 105 | 30 0 17 | 65 '
4 Ce e ...,}. Y S e e i e . »
300 30 150 30 {0 9] 65
Y VR SURNUURREUIIY ERTUUSIURURIT IS USRI SO
300 90 150 15 7.9% 7 4 38
“s00 | 1s0 | aso | 15 | ox | 9] 33| |
Y RN SN DA S . }
|
*See Figure 27. i %
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CHAPTER VII
ELECTROMAGNETIC MINE DETECTION AND IDENTIFICATION

A, Objectives

This chapter focuses on the detection and identification of mine-
like targets. First a second model of the mine-like target was buried
at the same depth of 5 c¢cm. Measurements were obtained over the two
jsolated mine-like targets for comparison and identification. Second,
to simulate a realistic wmine identification situition a set of wave-
forms was obtained over a section of a rough road in which numerous
false targets existed. These false targets were caused by the debris
existing fn the old country-style road, and thus represented a set of
realistic false targets in a mine field, The set of rough road measure-
ment was used for evaluation of "typical" false-target discrimination,
Third, & small antenna of ar Jength 0,15 m {0.5 foot) was built and
used to provide better characterization and identification of the mine-
like taryet. Performance of the small-antenna system is presented and
discussed.

cond Model of the
r-Like Target

Typical processed waveforms from the twe mine-like targets at
the same relative antenna-target geometry are shown in Figure 35,
There are winor differences in these two waveforms. This can be
attributed to the minor difference in the structure of these two
targets, clutter and the difference in the yround conditions at
the two target locations. Complex natural resonances of the two
models of the minc-like target were extracted from their backscattered
waveforms using Prony's method., The average extracted resonances of
the two models are shown in Figure 3b. Again the slight difference
in the locations of these two sets of resonance is attributed to the
possible slight difference in the structure of the two models, clutter
and the difference in the ground conditions at the two target sites.
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C. ffalse Targel Medsurenents
in_the Rough Road

A set of 53 (difference; waveforms was collected over 53 loca-
tions in a 40m section of a rough road adjacent to the Electro-
Science Laburatory. These echoes were probably a result of debris
existing in this old country-style road. There were numerous such
false targets observed. Pictures of the rough road is shown in
Figure 38.

The measurement locations were chosen to ensure significant
false-target signal levels for a more realistic and difficult test
of the identification method. Figure 38 shows a typical false-target
waveform,

D. Mine ldentification

The predictor-correlator identification method was applied to
the waveforms from the two mine-like targets and the rough road-bed
for identification of the two mine-1ike targets and false-target dis-
?riwination. Single-look identification statistics are given in

able 13,

This set of identification statistics basically established the
fact that the predictor-correlator identification method did indeed
successfully identify different models of the mine-l1ike target at
different locations. Furthermore the method successfully separated
the mine-11ke target from the set of false targets which were typi-
cal of the false targets found in a realistic mine field.

The pulse radar system discussed so far represented a workable
(and successful) mine identification system, however two obvious
fmprovements could be made. First, there was the bandwidth mismatch
problem (as discussed in Chapter V) that resulted in low-level values
of Lhe correlation coefficient., The bandwidth mismatch problem could
be currected by introducing an antenna system with a higher-frequency
antenna resonance,  Sccond, the size of the crossed-dipole antenna
(1.2 m (4 teet) wmaxinum dimension) was a bit too lavrge for a practical
mine identification system. There existed a single solution to the
two problems mentioned above. This solution was the reduction in the
antenna size. Since the 0.6m long (arm length) antenna had a reson
ance at 65 MHz, a 0.1%m (0.5 foot) long antenna would have a resonance
at 260 MHz which was close to the mid-frequency of the resonance band-
width. A crossed-dipole of 0.15 m arm length was therefore buflt for
tmproved mine identification performance[59]. Performance of this
antenna on the identification of the mine-like target is discussed in
the next section,
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‘ TABLE 13

z SINGLE-LOOK IDENTIFICATION STATISTICS: THE FIRST AND

ﬁ SECOND MODEL OF THE MINE-LIKE TARGET VS

4 THE FALSE TARGETS IN THE ROUGH ROAD-BED.

i P, =100%

E;‘i -

! IR e o e e
1 NUMBER OF
3 WAVEFORMS
{ DESIRED TARGET Z| Ty RID [Prp | o 19 |
5’1‘ 24 z < |(em) v
| &2 w b 72 &
;| &8 aZses
I:." b~

£ 4Tg | .948

4 5Ty | .667

| MINE-LIKE TARGET|WET,1| 6Tg| -.209 | .25937 | 30 |1.85%| 9| 53

F FIRST MODEL Mg | .243

3 8Tg | -.0615

o 9Tg | -.118

‘ 10Ty | 224

E —

Lo STB .445
E ' 6Tp | -.488
: MINE-LIKE TARGET|\WET,2| 7Tg| .127 | .30050 | 30 {3.70%| 9| 53

: SECOND MODEL 8Ty | .243

' 9Ty | .289

:gs ]OTB .22
i T, | .436

? 1Tg | 436 :
3 3
¢
TR SO A S | S S et
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E. A Small Antenna for Improved Performance
in Mine Identification

A picture of the small crossed-dipole antenna is shown in Figure
39. This antenna was used to obtain a set of measurements over the
5cm deep targets. Typical processed waveforms are shown in Figure 40.
For comparison purposes, Figure 41 shows the processed w?veforms ob-
tained using the 0.6m lTong antenna over the same target locations
From Figures 40 and 41, we note the following improvements obtained
using the 0,15m long antenna. First, the N,15m long antenna offers
a gain of at least 6 dB 1n target signal level. Second, the level of
the no-target signa) obtained using the 0.15m long antenna is gener-
ally lower. Third, the time interval of the target signals obtained
using the 0.15m long antenna is only half as long. This reduction
in interval size would effectively reduce the conputation time for
evaluating the correlation coefficient by a factor of two.

Due to the minimization of the length of the inter-connecting
cables at the balun-antenna connection of the small antenna, tha balun
reflection exists in the early-time portion of the waveform. 1In this
region, the primary target signal level is much higher than the level
of the balun reflection. This severely suppresses the effects of the
balun reflection. The decrease in cable length is also a contributing
factor to the 6 dB gain in signal level. With the balun reflection
moved in, the stop-time t, of the error-calculating interval in the
Prony's and the predictor-correlator identification pracesses had to
be changed. In this study, the choice of ta for the small-antenna
system was based on the resonances of the niine-like target. The value
of te was chosen to yield an error interval of size equal to five
times the period of the lowest imaginary part of the target resonances
(125 MHz). This resulted in the t, value of t+1007Tg.

Figures 42-44 shows more waveforms and their FFT's obtained
using the 0.15m long antenna. From the FFT's of the waveforms, it
is found that most energy resided in the frequency region of 100 M
to 500 MHz with the most dominant frequency in the region of about
300 MHz (as compared to 70 MHz for the 0.6m long antenna).

The set c¢f waveforms obtained with the wmall antenna over the
Sem deep targets was processed for pole extraction and identifica-
tion of the mine-like target. Average complex resonances of the mine-
like target extracted from these waveforms are shown in Figure 45.
For comparison purposes, the extracted resonances from the mine-like
target waveforms obtained with the 0.6m long antenna in a similar
ground condition are also shown in Figure 45, The locations of the
target resonances from both antennas were almost identical. However,
the imaginary part of the antenna resonance increased hy a factor of 4
when the length of the antenna arm was reduced from 0.6 m to 0.15 .
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Figure 45. Average extracted resonances from the mine-1ike
target waveforms taken using the 0.15m and the
0.6m long antennas in similar ground conditions.
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Complex resenances of the various Scm deep targets are shown
in Fiqure 46. The antenna resonance was present in almost all target
waveforms measured. The complex resonances of these targets were in
the same general area of the complex frequency plane as the antenna
resonance. This was expected to present a difficult test to the

identifier,

Single-look ijdentification statistics obtained using the small
antenna in identification of the mine-like target is shown in Table
14, Typical o(T) curves arc shown in Figure 47. From Table 14 and .
Figure 47, the following observations are made:

1. Target identification performance estimates based on the

extracted resonances of the mine-1ike target was Py=100%, k|
Pra=1.72% within a 30 cm radius of target center. Within :
a 45 cm radius, identification performance was Py=100%, i 4

PFA=6.90%. This set of statistics was obtained with an I
ensemble of 13 mine-11ke target and 58 false-target wave- :
forms. These performances represented an improvement over
the performance obtainable with the 0.6m long antenna.

The 0.6m long antenna system was unable to identify the
mine-1ike target in a distance of more than 30 cm from

the target center.

2. In addition to the range improvement, a quick comparison
between the identification statistics given in Tables 8
and 14 indicates that the level of p(T? values for the
mine-like target were generally improved. It is expected 3
that this will produce improved identification in the pre- f

- sence of yreater amounts of clutter, It has already been D

observed that target identification in the presence of :
clutter has been improved.

o

. 3. The region of Ty values for optimum identification per- o
formance was in the neighborhood of Ty=6Tg. However, ’ o
this region of T, values was shifted toward small To !
values. This was attributed to the shift to dominance of

i to the high-frequency poles due to the shift in the :
1 antenna resonance. Note that the region of To included :j
3 - :
;

Because of the change in the bandwidth of the small-antenna
system a band-pass filter was used in the preprocessor of
the identifier to suppress out-of-band clutter and noise.

1 The transfer function of the band-pass filter is shown in
Figure 48.

FUPIEIU SN

In the next chapter, we discuss the implementation of the smali-
antenna mine identification system as a microcomputer system, Target
identification performance will be given.
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CHAPTER VIII
A MICROCOMPUTER SYSTEM FOR REAL-TIME ON-LOCATION
SUBSURFACE TARGET IDENTIFICATION

A. Ubjectives

This chapter discusses the implementation of the pulse radar
jdentification system as a microcomputer system for real-time on-
location identification of subsurface targets. The identification
radar is implemented with an SDK-80 microcomputer[60] in conjunction
with the Terrascan., The processing algorithms are stored in the
system as microprograms. Arithmetic operations are performed by a L
hardware arithmetic processing unit and data can be recorded by a i
cassette recorder. Thus the microcomputer system can serve either as .
a real-time identification system or as a data-recording system, I

B. Structure of the Microcomputer Y
Target Identification Systen

system 1s shown in Figure 49. The major components and their corre-

4

The basic structure of the microcomputer target identification %
sponding functions are the following: |
!

1. Terrascan System: the raw backscattered waveform is
received by the crossed-dipole antenina in analog »
form. This analog waveform is sampled by the ,
Torrascan system which essentially sorves as a sampl- o
ing oscilloscope and provides various flexibilities
wuch as gain, time delay, and dc offset to the wave-
form. The sampled raw waveform is displayed on the

' neon display and then fed to the analoy board as a

discrete-time signal,

2. Analog Board: basides converting the sampled raw wave-
form to digital form using an 8-bit A/D converter,
the analog board provides a keyboard for inputting '
Lo the microcomputer system. Various operating i
modes of the microcomputer system are Initiated
through the command codes entered from the keyboard.
The analog board also provides 6 LED display 1ights
for displaying echoes of the input command codes,
various system operating information, and important

114 ]
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Figure 49. Block diagram of the microcomputer system
P for un-location subsurface target
§ identification in real time,

informatiun concerning the received waveform (such
as peak timing, peak values, etc.).

3. SDK-80: this is the wmicrocomputer unit. A1l operating
Vo ' system programs, signal-preprocessing, detection and
) identification and data-recording operations are
stored as microprograms in the SDK-80[60]. These
microprograms are executed when the proper commands
are entered from the keyboard. The 3DK-80 15 an B8«
bit machine running at a clock rate of 2 MHz,

4, Arithmetic Processing Unit (APU): the hardware arithmetic
processing unit is interfaced to the SDK-80 wicro-
E computer for high-speed arithimetic caiculations. The

APU provides various flexibilities such as flouting- i
point or fixed-point arithmetic, single or double pre-
] c¢ision, function (such as trigonometric tunctions, |
E etc.) generations, etc. !
H
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5. Memory Board: 8K memory bytes (8 bits/byte) for data
storage.

'6. Cassette Recorder: used for data recording

Similar systems had been built and documented under different
studies[67] at the ElectroScience Laboratory. Except for the addition
of the hardware arithmetic processing unit, the system developed and
implemented in this dissertation has basically the same design and
hardware. Thus, only the details concerning the APU are given in
Appendix I. Details concerning the other modules of the microcomputer
system are well documented in various reports[67].

C. Implementation of the Microcompﬂter System
for Subsurface Target Identification

Pictures of the microcomputer system and its components are
shown in Figures 50 and 51, Two major operations, namely target
tdentification and data rocording were fmplemented in the microcomputer

system.  The taryet tdentification process perforned by the microcom-
puter is outlined in Figure 52. A1l processes except the automatic
tuning process have been implemented. The tuning process is discussed
in Chapter IX. In short, when the target identification mode is heing
executed, the Terrascan samples the received analog waveform, displays
and feeds it to the analog board for A/D conversion. The digital
waveform is then fed to the memory board where the average waveform

is formed. The average waveform goes to the preprocessing unit for
reduction in clutter/noise. This preprocessed waveform arrives at the
detector for a screening operation. The detector screens out wave-
forms whose energy, peak timing and peak amplitude are out of the de-
sired ranges. The "in-range" waveform would then be fed to the pre-
dictor-cnrrelator for target identification. "Qut-of-range" waveforms
are considered as "undesired-target" waveforms. The correlation coef-
ficients and the processed waveforms are stored in the 8K memory which
is transferred to the cassette recorder when filled. For target
identification based on the predictor-correlator method, only the
difference equation coefficients corresponding to the desired target
need to be stored in the microcomputer for the evaluation of o(T), the
complex resonances are not stored. For multiple-threshold identifica-
tion, a set of coefficients corresponding to each chosen value of Tos
needs to be stored. Note that these coefficients depend on ground
condition, thus, for on-location subsurface target identification in
real time, an automatic tuning process is necessary. Automatic tuning
cf the identification radar to the ground condition is discussed in
Chapter IX.

A T1ist of executable commands and their detailed descriptions
are given in Table 31 of Appendix I.
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The following notes with regard to the implementation of the
microcomputer identifilcation system are important:

1. Due to hardware constraints in the Terrascan, a waveform
obtained with the microcomputer system contained only 128 data points.
The waveforms obtained with the digital computer controlled system
contained 256 data points. Thus, we were faced with possible 10ss of
resolution in time (i.e., a larger sampling period must be used in
order for 128 samp'es to cover a 50 ns time window) or frequency (i.e.,
smaller time window must be used)., Careful study of the small-antenra
waveforms from the mine-1ike target revealed the fact that the energy
of practically all waveforms resided in a time window of 25 ns (see
Figure 40). Hence, by choosing a time window for 25 ns and 128 samples
for the mine identifier, both time and frequency resolution were main-

tained.

2. Besides frequency and time resolution of the waveforms, the
other important considerations are data precision, flexibility and 1
speed, In this system, double-precision floating-point* arithmetic :
is used to perform the major calculations such as the evaluation of ﬁ

the correlation coefficient p(T) and the FIR filtering in the prepro- ]
L cessing unit, The floating-point format offers large dynamic range, ]
= filexibility and ease of implementation. The function-generation capa-

bility (such as trigonometric functions, transcendental functions, etc., y
are availabie Tor floating-point numbers only) of the APU provides tre- ]
mendous flexibilities in the fmplementation of digital signal processing ]

techniques, These, together with the fact that scaling operation is not
needed for floating-point operations, makes the floating-point format

: an ideal choice for a "first-generation" computer system. The tremend-
;. ous amount of scaling operations in the fixed-point calculations nakes

: the calculations difficult to track and furthermore, the great amount

3 of scaling often causes loss in data precision. The trade-off in us- ,
- iny the floating-point format 1s the computing speed. Floating-point :
3 operations usually take more computing time than the corresponding

E. fixed-point operations. Furthermore, the 25-bit mantissa offers less

£ "nominal" data precision than the 32-bit fixed-point formated number.

With tne choice of data format, we now estimate the computing time
5 needed for an identification decision. The major areas requiring
significant amount of computations are the following:

*fToating-point number in this system is represented by a 7-bit
exponent and a 25-bit mantisca,
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i o

a. Arithmetic averaging

Tois process forms the arithmelic average of il; raw waveforms from
.the same antenna location and crientation for reduction of noise. Here,

g

i the major part of the computation time goes to the sampling of the N
i waveforms. The sampling time at is inversely proportional to the repeti-
% tion freguency of the radar source, i.c., tne impulse generator, and
3
& Ny N
3 3
;g where
é Ny = number of waveforms required to form the average,
.ﬁﬁ Ny = number of samples in a waveform, and
i
':f Rp = repetition frequency of the impulse generator.
;Qt In the present system, Ny=10, No=128 and Rp=256. Thus At=5 seconds.
b | If the repetition frequency can be increased to 10 KHz*, At will be
B | decreased to 0.125 second.
i
- b. 90°-differcnce
b
!

"
R This process forms the difference hetween two waveforms from two
b antenna orientations (one of which is a 90° rotation from the other)
b at the same antenna location. The differencing operation basically
- increases the sampling time by a factor of 2. In the final system

' applications, this procuss is probably not needed. At any rate, the
antenna rotation process will represent a major time factor.

c. Calculation of ;(T)

) This process cvaluates the correlation coefficient o(T) at all

' chosen values of T,y's for multiple-threshold identification, Note L
that with the choice of floating-point format, the expression for n(T) -
given in Equation (24) can be manipulated for minimum computation time. i
. In floating~point calculations, due to the shifting of exponents re-
b quired for the add/subtract operations, the amount of time required to
2 perform an add/subtract operation can be larger than that required for
3 a multiply/divide operation. Tablc 15 lists the computation time re-

' quired by the APU to perform each of the four basic floating-point

i aritimetic operations.  The maximum difference in the average computa-
3 tion time for the four operations are less than 23% of the minimum

e b

g

e s e i eme

*This is believed to be within state-of-the-art technology.
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TABLE 15
COMPUTATION TIME REQUIRED BY THE APU TO PERFORM
THE FLOATING-POINT ARITHMETIC OPERATIONS

FLOATING ! NUMBER OF CLOCK CYCLES*
022&?¥10N MINIMUM MAX IMUM AVERAGE**
ADD 56 350 203
SUBTRACT 58 352 205
MULTIPLY 168 168 168
DIVIDE 171 171 m

* 1 clock cycle = 500 ns
**AVERAGE = (MINIMUM+MAXIMUM)/2

average computation time. Thus 1t seems reasonable to manipulate the
expression for »(T) to minimize the total number of operations. Based
on the above criterion, the following expression for p(T) is implement-
ed in tie predictor-correlator of the microcomputer system for target
identification,

te—NT+mor
Yo ()
t=t +m T
e 1 e s 0 —
(1) = to-NT+mgT t.-NT+m T (56)
Lt (ry(t)-e(t)) ¢ ) e®(t)
L=t tm T t=ttmgyT

whereo

e(t) = rM(t)-rc(t)

The number of aritimetic operations reguired to evaluate o(T) at a T
value of Toi is given in Table 16.
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TABLE 16
NUMBER OF ARITHMETIC OPERATIONS REQUIRED
TO EVALUATE p(T) OF EQUATION (56) AT

THE VALUE OF T=Tg,

OPERATION | NUMBER OF OPERATIONS
ADD (N+2) (M-NIgq)-1
SUBTRACT M-NI
MULTIPLY (N+1)(M-NT g3 )+1
DIVIDE 1

In Table 16,

N = number of resonances of the desired target used
for identification purposes,
M = (te=t*Tg)/Tgs and

loi = Toi/Tg -

Note that M=NI,y 1s the number of instantaneous error samples in
the error interval,

With the small antenna system and for mine (dentification, N=10,
M=101, 1,.:=4,5,6,7 and 8 (see Chapter VII). The total computation time
ranges fram 0.26 seconds to 0.64 seconds with an average of 0.45 seconds.

d. The filtering operation
in_the_preprocessor

Because of the unavailability of the FFT package in the micro-
computer system, the digital filtering operation in the preprocessor
was performed in the time domain via the following relationship[55,56]

N |

ry(nTg) = I] h(iTg)ry(nTg-1Tg) (57)

where
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h

rM(nTB) the processed filtered waveform,

r](nTB) = the processed unfiltered waveform,

h(iTB) impulse response of the digital filter, and

N [}

1

order of the digital filter,

The impulse response of the digital bandpass filter given in
Figure 47 was obtained by taking the inverse FFT of the digital filter
transfer function. This impulse response and transfer function are .
shown in Figures 53a and b, respectively. Using this time-domain fil-
ter, a set of identification results was obtained using the in-house
computer for the identification of the mine-1ike target based on the
small-antenna waveforms previously obtained (see Chapter VII)., Identi-
cal estimates of identification performance were obtained ({i.e., P;=
1004, Pgy=1.72% for R;;=30 cm, and P =100%, Pr,=6.90% for R, =45 cf).

The time-domain filter shown in Figure 53b is a FIR filter with
a large order of N'=128, Thus, tremendous computation time will be
consuned in the filtering operation if it is to be impelemented in the
microcomputer system. To save computation time, the order of this FIR
filter was lowered to 37 by using a "windowing" technigue with a Kaiser
window[55,56,61]. The Kaiser window, the "windowed" impulse response
of the filter and the FFT of the windowed impulse response are shown
in Figure 53c-e. [dentification performance estimates obtained using
the in-house computer with this windowed filter was Py=100%, PFA=8.62%
for Ryp=45 cm. Thus, performance only slightly degraéed. This filter
was incorporated into the microcomputer system for real-time identifi-
cation of the mine-like target. The windowed time-domain filter
has 37 coefficients and 1s symmetric about its center. Based on
Equation (57) and Table 15, the average time required for the filtering
operation on a small-antenna waveform is 0.5 seconds (ve 2 seconds for
the unwindowed filter), The digital filter can be replaced by an ana-
log filter placed at the front end of the receiver in the final identi-
fication system.

e. Detection

Operations performed in the detection include peak detection,
energy calculations, ete.

f. Execution of computer instructions

The amount of time taken for execution of the computer instruc-
Liuns depends on the efficiency of the microprogram written.

In summarizing, the amount of time required for an identification
decision in the identification of the mine-1ike target with the exist-
ing small-antenna microcomputer system is estimated to be approximately
11 seconds with 0.45 seconds of average predictor-correlating time.
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The decision time goes down drastically to about 0.7 seconds if the
repetition frequency of the pulser can be increased to 10 KHz, and the
filtering operation in the preprocessor can be performed with an ana-
log filter. Using state-of-the-art technology, both these conditions
can be easily met.

Based on the simulated identirication results obtained with the
microcomputer conditions (i.e., 128 samples per waveform, FIR filter-
ing), the microcomputer identification system 1s expected to identify
the mine-1ike target with the same level of performance as the results
previously presented in this dissertation.

D. Calibration of the Microcomputer
Target ldentification System

Calibration of the microcomputer system includes the following:
1., Time scale

The time scale was calibrated by comparing two waveforms from the
same target. Ore of the waveforms was obtained with a fixed length of
cable added to the system. The time window was calibrated at 25 ns.
However, the impedance mismatch at the trigger pick-off circuitory cf
the Terras-an limited the reflectionless time window to 20 ns (sece
Figure 54). The secondary reflections caused by this impedance mis-
match occurred at a time which was 20 ns from the transmit-receive
coupling, This reduction in the size of the reflectiunless time window
was later found to 1imit the identification range of the radar system.

2. Amplitude scale

Operations performed in the detector required accurate calibration
of the peak amplitude, peak timing as well as the cnergy of the mine-
1ike taryet waveforms. These calibrations were performed by collecting
a sut of waveforms over the mine-l1ike target and tabulating the various
detection threshoids based on the set of waveforms

3. On-location ground condition

On-location ground-condition calibration is discussed in Chapter
IX. At the present time, the in-situ complex resonances of the mine-
like target waveforms were obtained by analyzing the waveforms collected
in 2. using Prony's method. The difference equation coefficients asso-
ciated with these resonances were then used for real-time target iden-
tification. Real-time identification performance of the microcompuier
system 1s discussed in the next section,

o TR N T B LT T
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% E. Real-Time Identification Performance i
) of the Microcomputer Target 14
F Tdentification System 1
1. Identification performance
Two sets of 1dentification data were obtained for the identifi- ‘i

cation of the mine-!ike target 1n two different ground conditions.

The first set was obtained using the poles and thresholds as given in :
Tables 27 and 30 of quendix G for real-time identification of the

mine-11ke target, Real-time identification performance of Py=100% and '

Ppa=0% was obtained for Rpp=30 cm (based on 9 mine-11ke target wave- 1
forms and 21 other-target waveforms), It was found that, for Rip=45 cm :
identification performance degraded to Py+12%, Ppa=0%., This reduction

in tdentification range was attributea t0 the presence of the unwanted

r?féect1ons from the trigger pick-off in the latter portion of the time
window.

The second set of identification data was obtained under a dif-
ferent and rapidly changing groupd condition, A set of measurements )
pver the mine81?k% tawggt 3a§ co??ected over a lightly wet ground for !
calibrating the ground condition, target resonances, and the various "

: detection and identification thresholds. However, there were rapid
i weather changes betwoen the time of data analysis (for calibrations)
. and real-time {dentification. There was heavy rainfall during the
L interim period, and in one day, even a moderate snow storm. These
drastic weather changes e¢ltered the ground condition, and with the
system tuned to the previously calibrated conditions, 1t was found that
the lavel of the correlation coefficients for the mine-like target wave-
forms was generally lowered. Hence to ensure g 100% {dentification 3
probability, the fdentification thresholds had to be lowered. Thus, !
with an untuned system and using lower threshold values (see Appendix
L | for details), a set of real-time identification data was obtained.
ldentification data bascd on 17 mine-like target and 13 other-target
waveforms were Pp+100% and Ppp<0% for Ryp=30 em. Thus, lowering the
threshold values seems to be an effective means to counter the problem
; of uncertain ground conditions for this penetrable "desired target".
This aspect of the system warrants a detailed future investigation,

2. Speed

The two sets of ifdentification data discussed in the above sub- .
section were obtained with Ny (the number of raw waveforms required to ]
form an average waveforn) set equal to 8, Thus, for a pulse repetition
rate of 756 Hz, the amount of time required for the microcomputer sys-
tem to form an averaye difference wavoform was 8 seconds.  The amount i
of time taken for the correct identification of the mine-Tike target
was c¢locked at approximately 2.5 seconds. Thus, the total real-timc
for a correct ldentificatien of the mine-like target was approximate- i
1y 10.5 seconds. The amount of time required for false-ta.get :
or no-target discrimination was less than 10.5 seconds, In the
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implementation of later generations of this identification system, it
is expected that, the identification speed will drastically increase
with the increase in pulse repetition rate, decrease in Ny, elimina-
tion of the 90° difference operation, and more efficient microprograms.

3. Precision

To find the precision of the correlation coefficients calculated
in the microcomputer system, correlation coefficients were calculated
for a waveform using the microcomputer system. These correlation
coefficients were then compared to those calculated by the in-house
computer system for the same waveform. It was found that, the two sets
of results differed in the 10th bit of the mantissa of the floating-
point formatted numbers. No error was observed in the exponents. Thus,
using the 25-bit floating-point format of the APU resulted in a Q.1
truncated error in the correlation coefficients. This is expected to
have 1ittle effect on the identification performance.

F. Possible Future Improvements on
the Microcomputer System

In addition to the impedance mismatch at the trigger pick-off
circuitory of the Terrascan, a few other aspects of the microcomputer
system can be modified to improve identification performance.

1. The sampling system in the Terrascan

The Terrascan system was originally designed for low-frequency
operation (1.e., frequencies less than 200 MHzg. as such its sampiing
system is therefore slow. The slow sampling system causes loss in high-
frequency content of the received waveforms, Figure 55 shows two wave-
forms, one received by the Terrascan and the other by a faster sampling
system, from the same target at the same antenna location and orienta-
tion. The loss of high-frequency content in the waveform received by
the Terrascan system 1s quite apparent.

With the identification performance obtained thus far using the
microcomputer system, the high-frequency loss in the Terrascan sampling
systom does not seem to affect identificalinon performance for the
identification of the mine-11ke target considered in this study. How-
ever, such high=frequency loss will almost surely degrade performance
when the system 1s used to identify smaller mines.

2. The dynamic range in signal level

The microcamputer system currently uses an 8-bit A/D converter
to convert the received analog waveforms to digital form. This results
in a 48 dB dynamic range in signal level. For the identification of
low-level signals the dynamic range needs to be increased.
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3. Gain control of the Terrascan

The gain control of the Terrascan system offers a 1imited
range of gains in large discrete steps. Such large discrete steps
may result in large truncation arror.

In summarizing, a microcomputer system has been implemented for
real-time subsurface target identification. Keal-time single-look
identification performance of Py=100% and Ppp=0% for Ryp=30 cm was
obtained with a total of 26 mine-like target waveforms and 34 other-
target waveforms for the identification of the mine-1ike target in
different ground conditions. The amount of time required for a correct
identification of the mine-like target was approximately 10.5 seconds.

The amount of time required for a correct other-target or no-target
discrimination was less than 10.5 seconds.

The microcamputer system built in .his study was intended to be
a "first-generation" system. Many possible modifications of the system
were recommended in this chapter for better identification speed, data
precision, and identification performance. The most important modifi-
cation is the process of automatic tuning of the radar system to the
on-location ground condition. This {s the topic of Chapter IX.

R T T L D,
o vy Py

perdie o




S st 5 Al v

bz .- ik

i3

CHAPTER IX
A METHOD FOR REAL-TIME ON-LOCATION TUNING OF THt
IDENTIFICATION RADAR TO THE GROUND CONDITTON

R - o IY. v 2 e

A. Objectives

- oo The importagce of tuning the radar system to the ground condition
B | was illustrated in Chapter ]Y. An un-tuned subsurface identification
ff racar system yielded degraded performance. This chapter discusses

= a possible metnod for automatic tuning of the radar system to the
S ground condition. Emphasis is on the simplicity of th: method and the
. possibility of incorporatinn such method into the microceomputer system

for on-lotation target ideniification in real time.

K B.  The Use of Backscattered Waveforms
. From Thin Wires to Estimate The
g Ground_Parameters

3 The backscattered waveforms from the buried thin wires as shown
3 in Chapter VII possess the following properties which are useful in
the calibration of ground conditions:

1. The waveforms contain complex natural resonances which
are related toc the ground paraneters in a simple fachion.

2. The wire waveforms arc of high amplitude, thus the
estimate of the resonances will be accurate,

3. The lowest-order target resonance of the thin wires are
; the most dominant. (See Appeidix J). This impiies thut
the thin wire waveforms can be closely characterized by
a single resonance. Thus,

1 ay{t-t') .
L FM(t) = Za] e COSU]\t't‘) (58)

where

ry(t) = processed waveform ,
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|
§ S, = wytjuy = complex resonance,
3 ] 19
4 @) = residue associated witn ¢, and
4 t' = start time of the transient signal from the wire.
&
fl For a thin wire, the first resonance can be approxim.ted by
?J Equation (58)
3 = - 9. e
3 i 5 0.0828 v-‘L' (59)
| ‘r
¥
. il
& wy = 0.9251 T
.;3% /hrL
where
b o = ground conductivity (homogeneous medium assumed),
? ¢ = ground permittivity ,
§§ ¢ = speed of light in free space,
i3
R v ® relative dielectric constant of the ground, and
.? L = length of wire . i
3 The complex natural resonance given by Equation (59) is a good
approximation to the first natural mode of a thin wire with a lenyth/
diameter ratio of 100 buried in a homogeneous medium of good dielec-
tric (i.e., medtum with a small loss tangent of u/mr<<1)E52.69].
E Here, it is used to estimate the grcund parameters bised on the wave-
X . forns from the buried thin wires and 1s found to yield reasonable
i results.
Since the waveform is dominated by a single resonance, the
values of wy and ) can be easily estimated from the decaying envelope
and the peaL timing at two samples ot the waveform, thus, the ground
parameters can be estimated via the following equations:
l - ) .
] R L
r 2L

and

(60)

(o)

-1 0 n_€
. o= 20 [(to-ty) en e - 0.0328 -
y [ 170 rM(f?T LJ‘r]

|
2
e
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where r(t.) and r(t,) are the sampie value, of the measured waveform
at time tg and ty, lespective]y.* A1l other parameters are as pre-
viously defined.

Using Equation (60), the ground parameters represented by the
waveform shown in Figure 56 are estimated to be v =14 and 0=24 mS/m.**
These estimates are found to be very close to the estimates obtained
suing different techniques currently being investigated in another
study at the ElectroScierce Laboratory[SB%‘ The method outlined in
Equation {60) is attractive, for it uniquely characterizes the ground
condition by two sample values of a thin-wire waveform.

C. Automatic Tuning of the Identification
Radar_ to_the Ground Condition

The knowledge of the ground parameters basically solves the
automatic ground-condition tuning problem for the real-time identifi-
cation of simple targets such as the brass cylinder and the aluminum
sphere whose resonances are related to the ground parameters in a
known analytical fashion(21,63]. Howaver, it does not solve the tun-
ing problem for the real-time identification of plastic mines, for
the analytic relations between the complex natural resonances of the
plastic mine-1ike target and the ground parameters are not known.

To date, the characterization of tirgets, should it he free-space or
subsurface targets, 1s a relatively new research problem. Further-
more, research efforts have mostly been concentrated in the character-
ization of perfectly conducting targets only. Characterization of
dielectric targets such as the plastic mine-like target with complex
natural resonances via analytical method has not been previously
treated. This could be achieved but it represents a substantial

! resedrch effort beyond the scope of the present studv. In this study
F we suygest solving the autometiz tuning problem for identification

. of mines experimentally with the procedure outlined as follows:

? Step 1: Estimate the ground parameter by using the method
£ outlined by Equation (60).

* Equation (60) s valid only when ry(tn) and ry(ty) are both non-
zgro and éhaz m1(t]-to)=2n{ where N=!Q%.3-~-.M L

** Note that these rutimates are, of course, accurate only at wy -
Furthermore, the loss tanygent, based on the estimated values of
e and o, is found to be 0.252.
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Step 2: Determine the loci of the complex resonances of the I
mine-1ike target experimentally as the ground para- ;
meters vary. Ground parameters can be controlled ;
by using different kinds of soils, or by increasing
the moisture and salt content of the ground. Thus,
the loci of the natural resonances (or the coeffici-
ents ap's) can be determined as a function of ty-tg,
rM(tg), and ry(t1) and stored in ROM's in the micro-
computer identification system for on-location target
jdentification in real time.

4 e
R G -

2 AT T ST

¥ To make the above method even more attractive and practical, the
: 3& thin wire does not have to be buried for ground-condition characteri-
R zation. Figure 57 shows waveforms obtained from a thin wire laying
] at different locations on the surface of the ground.,* Again, the wave-
form is dowinated by one (pair) resonance and thus, the ground condition
is uniquely characterized by the values and timing of two sample points
of the waveform. In the case of the on-surface wire however, because
of the fact that part of the wire is in the air, the ground parameters
are no longer estimated accurately by Equation (60). Nevertheless, the
unique information about the ground candition 1s assumed to be contain-
ed in the two samples of the waveform. Thus far, this assumption is
found to be valid. The on-surface wire waveforms given in Figure 55
indicate difterent decaying envelopes and zero-crossing intervals for
different ground conditions,

The method of ground-condition tuning outlined above amounts to
an extensive experimental effort and is planned for the future.

g f * The wire has to be in good contact with the ground.
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CHAPTER X
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A, Sunmary

At the time research in this report was initiated, the
c¢laim that electromagnetic signals were impractical for subsurface !
<+ exploration because of attenuation had already been refuted. Refer- P
ences in this report contain additional evidence refuting this claim, .
! We denmonstrate that the received signals from objects beneath the !
| surface of the earth can also be interpreted intelligently. That is, i
' that much more than simple ray tracing with a postulated reflection
1 coefficient at some depth {5 possible. We show conclusively, using
l real subsurface probing data, that the target can be identified.
|
{
1

TR e g

3
4
3

i oot

It is enphasized that the {identification is not simply a seismic-type
map subject to interpretation and qualificatTon by the observer but ]
an actual processing scheme which inquires as to the presence of a
particular target. We also stress that the methods developed in this
dissertation are field-oriented and operate 1n real time. The para-
graphs below itemize the specific progress which has been made.

Ed

nCTE T T g s
pya

The predictor-correlator method for characterizing and identi- E
fying subsurface targets was studied and extensively tested using real
radar neasurements obtained with a Terrascan-type subsurface pulse
radar, Measurements were obtained over thiree sets of targets. The
: first set consisted of five similar-size targets including a plastic
b mine-11ke target, a brass cylinder, an aluminum sphere, a copper

sheet and a wood board. These targets were buried at a depth of &
cm {2 inches). The second set consisted of a sories of different-size
(maximum dimension varies from 30 c¢m to 300 cm) brass cylinders buried
at different depths (depth varies from 30 ¢m to 150 cm). The third
i set consisted of a series of thin wires buried at the depth of 5 c¢m
(2 inches). The method of characterization and identification uses the
complex natural resonances as the discriminants for the identifier and
the method of linear prediction for evaluation of the correlation coef-
ficients for threshold identification, The complex natural resonances
of the desired target are determined a priori and the difference equa-
tion coefficients related to these resonances are stored in the {denti-
fication system for real-time on-location target identification. The
identification process 1s simpie and involves only simple algebraic
] operations,
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characterization and identification methods were found to be

successful and a "first-generation" microcomputer system was built for
on=1ncation identification of mines in real time. A simple method for
automatic tuning of the identification radar to the ground condition
was sugqested. This method is simple to use and can easily be incorpor-
ated into the microcomputer system for real-time target identification

purpuses,
1.

Statistigs for the, identification of the mine-1ike targg;

The significant findings are:

The identification method was extensively tested, with
neasurements over the subsurface targets, and found to
be extremely successful. Single-l1ook {dentification

in different ground conditions were e5timated to be’
Pr=100%, Ppp-=2.25% for Rip=30 cm over an ensemble of 55
m*ne-11ke Earget waveforiis and 222 other-target waveforms.*
The S/C of the ensemble of mine-1ike target waveforms
ranged from 0.21 t0 3.5,

A microcomputer system was implamented for real-time sub-
surface target identification using the techniques davelop=
ed in this study. Single-look {dentification statistics
for the identification of the mine-1ike target were esti-
mated to be Py=100%, Ppa=0% for Rip=30 cm over an emsenble
of 30 mine-11ke target waveforms and 30 other-target wave=
forms. The amount of time required for a correct ident{fi-
cation of the mine-like target was 10.5 seconds, a gorrect
d1scr1T1nat10n of an other-target or no-target required
less time,

[dentification performance degraded when the radar system
was not tuned to the right ground condition

Identification performance deyraded when the radar fre-
quencies did not properly span the target resonances.

Single-Took fdentification performance was characterized
by a correlation coefficient vs. sampling interval (s(T))
curve. Optimal identification performance occiirred when
the sampling interval T was in the immediate neighborhood
of Ty (see Cquation (51)). Thus, one knows a priori the
value or the region of values of the sampling interval
nezded for design and implementation of the identification
radar.

* Identification statistics given hern is estimated from the ensemble

of all

mine-1ike target waveforms collected using the Terrascan-

11ke systoems,
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6. All subsurface targets considered were characterized by
a small and finite number (5 pairs or less) of resonances.
These resonances were invariant with respect to radar
location,

7. The resonances of the plastic mine-11ke target were found
to be internal resonances, with their imaginary parts
independent of ground conditiun, The resonances of the
brass cylinder were found to be external resonances;
both their imaginary and real parts were dependent on

'Vﬁ ground conditions.
y fourd to be the dipoles modes along the length of the 3
b cyiinder. Furthermore, they closely approximated the 3

W . 8. The extracted resonances nof the brass cylinders were
resonances of the same target buried in a homogeneous

i medium with plane-wave {1lumination. This discovery %

f suggested a good way to estimate the ground parameters

% (see Secticn VII-B),

L 9. The high-frequancy content of the backscattered waveforms _
was highly attenuated as target depth increased, Identi- 2
fication ranye decreased as target depth increased.

) | 10. Up to a certain threshold, the frequency of the target E
= resonances decreased according to the increase in target o
4 size, and target resonances depended solely on the scatter- k.
L 1ng mechanisms of the taryets. Beyond the threshold, in- 3
- crease in target size did not warrant the decrease in the

frequency of the resonances. In this case, target reson-

ances would depend on the scattering mechanisms as well as

other guantities such as the antenna pattern, etc.

The significant contributions of this report are:

1. The prohlem of applying Prony's Method to real radar measure- i§

ments for extraction of the complex resonances was consider- i

(. #d as one of parameter optimization. This approach yielded §

‘% , Tegitimate target resonances from waveforms with 5/C as Tow 1
- as 0.71 (see Chapter 111I).

¢. The predictor-correlator method was extensively tested with L
\ real radar measurements, and found tc yleld practical
b single-~look identificetion performance. Furtheriure, it g
f* was found that there existed a Timited range of T values in i
- A which optimum identification performance orcurred. (See
Chapter IV).
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3. A microcomputer system was implemented for real-time on-

" location subsurface target identification using the tech-
niques developed in this dissertation. The system was
found to -yield practical single-look identification per-
formance with a 10.5 second identification time (see
Chapter IX).

B. Conclusions

We have now provided a successful method for the identification
of subsurface targets at shallow depth. The method is based on single
radar returns and is simple to implement, Based on this method a micro-
computer system has been implemented for on-location identification of
subsurface targets in real time. Some modifications have to be made
for' the microcomputer identification radar system to be practical, the
most important being a method to calibrate the ground parameters (e,u,
o) in real time and to adjust the resonances of the desired target
accordingly for real-time subsurface target identification in different
ground conditions. This is now being implemented and is expected to be
_incorporated in the final system.

C. Recommendations for Future Work

The subjecl of subsurface target characterization and identifica-
tion is in its infancy. The results obtained in this study represents
a significant step forward, but much remains to be done. The following
items are highly recommended for future research:

1. The taks of automatic on-location tuning of the subsurface
radar to the ground condition is crucial to the problem of
subsurface target identification. The consideration of the
waveform values of the on-surface wire waveforms suggests
a feasible way to solve this problem.

2. The relationships between the extracted resonances of the
targets and the various system parameters such as target
size, depth, antenna pattern, air-ground interface, etc.,
need to ba exploited for a better understanding and inter-
pretation of the extracted resonances.

3. Application of the characterization and identification
technique to deeper targets needs to be expanded. In this
regard very little deep electromagnetic probing has been
done.

4. Ildentification of subsurface targets in the presence of
other objects.
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APPENDIX A
DERIVATION OF PRONY'S MEYHOD FOR TRANSIENT WAVEFORMS
WITH MULTIPLE-ORDER POLES

This appendix derives Prony's method for the extraction of ; ?
resonances from waveforms with multiple-order poles. :
With multiple-order poles the transient waveform can be
axpressed as
'."'\I N ”11 l‘] S,it : *u
i rit) = 1 (el boptdT) ae (61) ]
3 i=] j=2 J 1
| where .
f; a1, AF M x2 E
o "
\ and where M, is the multiplicity of the ith pole. 3:
3 The corresponding expression of Equation (61) in the complex ?f
/ frequency domain is '
3 M
3 N a, A bysp
' Lr(t)] = ) ( e A e : (62)
NG g (ses )]
g In discrete form, Equation (61) can be written as f
£ Al
3 N M5 J_]\ snT ]
: r(nT) = ) (} + ) b-ip(nT) ) a,e . (63) !
|
E With the following z-transform pairs[54] E
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where «[] is the z transform operation. We can transform Equation
(63) into the z domain, viz.,
N M a -1\ gy
Wfr(nm)] = ) Q'* ) bj1p(- 2T a‘;) AN
i=1 j=2 171
1-e 'z
s T
LR
N . _.l E)ziT e F4 B .
= _)' a.i 51T 1 + 51T 12
i=1 l-e 270 (1-e ' 27
s.T s;T
b3iT2 e i 271 14e i 27!
+ e — e ___T_ [ ——— ’-
13
(J-e 2z
M, -1
d yv 1
bt by (Tz‘d'z) ( 5T ]D - (65)
l-e ' 27

tach terw in the right hand side of Equation (g5) is a rational
function of z=! with its denominator one degree higher in 271 than the
numerator. Thys, when the series js summed, it becomes a rational
function of 2°' in the form of

c0+c]}"] $oene CL_]z-L+]

L(r(nT)) = 3 T {66)
d0+d12 * tee dLZ
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‘ where the polynomial of 2=1 in the denominator is one degree higher

B than that in the nunerator. The denominator polynomial is commonly

; referred to as the characteristic polynomial and its related to the

3 pole locations sy by

4 Lo Ly NoosiT A N

Jogzt e e ) e T om (67)

% 1=0 i=1 j=]

5 Multiply both sides of Equation (67) by 2L, we obtain
i ’

£ L N sT\M; .
ﬁ ) dizL" = (z-e ) .
;\ i=0 i=]

ﬁﬁ or

A
,_“,i ) umz"‘= 1 (Z-Z.') (68)

-3 m=0 el

k|

3 where :
ff: m=L-4y m= 0,71+ L |
{1

‘L‘ ay = dj

4

.! . 21 = @ . (69) -"]
{ |
3 Equation (68) is analogous to Equation (11). %
3 '%
3 We now procecd to write Equation (66) as i
3 d0+d]z'] + oo sz'L)a[r(nT)] = co+c]z'] + o0 CL_]Z-L+] .(70)

With the relationship[54)
] Sz r(nT)T = r(nT-4T) (7)
where a'][ ] is the inverse z transform operation. We obtain the
inverse z transform of Equation {70)

L-1

dyr(nT-iT) = . [ ) c1z"'] . (72)
i=0
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Since the right-hand side of Equation (72) is zero for n=L, hence

L
}dyr(nT-iT)

=0 3 n>L (73)
1=0
Now with
n=L+K K=20,1,2"" ,
m= L-1 and
vy = dj '
we obtain the desired difference equation,
L
mzo ey = 08 K = 041,200 (74)

wherc rK+mfr(KT+mT). This difference equation is identical to the

Prony difference eyuation in Equation (12) except for the change of
order. Thus, the sample values of a transient waveform with the pre-
sence of multiple-order poles satisfies a Prony difference equation
of order L, where

M, . (75)

With Fquation {74) we can solve for the coefficients u”'s. and sub-
sequently solve for the sy by Equation (67), We can also solve for

the poles sy, as was done in the simple-pole case, by solving Equations
{12) and (11) with N changed to L. Thus, the same procedure taken to
wolve for the pole locations in the simple-pole case can also be used
in the multiple-order-pole case. However the procedure for the calcu-
lation of the residues requires a siight modification,

The calculation of the residues is done by solving Equation (63),
which differs from Equation (8) because of the presence of the terms
involving (nT), and the fact that there are L unknowns rather than N,
With the avsumption that the ith pole is of order M;, Equation (63)
can be written as

rk iy A e

o wem
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M; terms
e
ro = a]+62+"'+ 0+ troeed(Qt ess l-u+aN

M1 terms
A

" )
My=1
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--o+aNzN
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£, o A - \
S N 2+7(b 122412 | 2*"-+TM1-1(b 2, )22+
Mg “azZytagegtrerrzy2yrlibagay)e] 3124774 Myi24 /2
| , veeda 28 (75
t‘ +aNZN ( )
1 .
3 From Cquation (75), we see that, in solving for the residues in
e the presence of multiple-order poles, the matrix Equation (15) must
& be modified as foliows
b
: DE = F
: where .
;
5 o - -~
i = x X
& = =
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APPENDIX R
DERIVATION OF PRONY'S METHOD AND ITS VARIATIONS

This appendix derives the variations of Prony's method due to
the constraints uy=1 (Interpolation method) and

N
) e
m=0

(Eigenvalue method). Computer codes (in Fortran lLanguage) for these
methods are also included.

A. The Interpolation Method

In the interpolation method, the Prony difference equation can
he writton as

uor(t)+u]r(t+T)+eo-[11_1r(t+(1-1)r)+-.-(;1+1r(t+(1+1)T)+---
+ (1Nr(t+NT) = - u.iY'(t"'H) . (76)

Thus the matrices A, B and C shown in Equation (13) need to be
modified as

A3 = C (77)
whare
"o " A Y i T
" "y o T Tivg o TNe
A = [ * . .
L"M-N TMaNAT e TMAN# ] TMeNE T e T

156




BT T T T MRS BT T R

i TR

g

S T T T § T T

T R e

157

BT+

11.2

— ~

NERH .

Fquation (77) can be used to solve for the coeffic:ints a_yaq,
W], af+]sttcuy In the interpolation method. Once the cou"ficlents
are known, we can solve for the poles and residues by foilowing the
identical procedure outlined in the Classical Method (Chapter II1),

B, The Eigenvalue Methaod

Under the constraint

N
b :
m=0

the inslantaneous error in the error-evaluation process of Prony is
modified ax follows

| N
e[ t+NT) = A WnrM(tﬂnT) : mﬁo gm=] . (78)

In matrix form, the instantansous error can be written as

N gt - . C el e e e . .-
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e(ts+NT) rM(tS) “w(ts*T) ce rM(tS+NT) ag
e(t NTHT) | ry(te*T) ru(tg+2T) 7 ry(ENTHT)L | o,
: = . S 1(79)
e(t MT-T) L_rM(t5+MT—NT-T) ry(tg+MT-NT) " " rM(t5+MTilj _aNJ<

The total square error over the fitting interval (ts.ts+MT-T) is

L] = c1Tc

T

1

i

87 ATA B

B o B (80)

It

where L1 1s the total squared error %VQF the fitting interval. [ ]T
denotes the transpoce operation, ¢ 2 A'A, is the data covariance
matix[53].

Solviny for Matrix B by minimizing ty under the constraint

N
A

31
ot
m=0

is a standard cigenvalue problem. Via the eigen-analysis, the
solution matrix [ is the wigen-vector corresponding to the minimum
pigenvalue of the covariance Matirx o,

Thus, Equation (8D) can be used to solve for the coefficients
moyinye . Once these coefficients are known the identical proce-
duie outlined in the Classical Prony's method can be used to solve
for the poles and residues.

Computer codes for the Prony's method and its variations are
given below. The program names "SEM1" implements the Prony's method
under the constraints of =i, m=0,1,2: N (See Chapter II1). The
program "Sem2" implements Lhe Prony's method under the constraint of

N
)=l
m=Q M

Both programs are well commented and user oriented,
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APPENDIX €
This appendix tabulates the extracted resonances of the mine-
like target at different antenna locations in icy ground. The poles,
residues as well as the mininum-error-case parameters associated
with the Prony Process are given. These parameters are N, IBS, III,
and M and are defined as follows.
N = Number of poles
IRS = Interval between samples, i.e., T=1BSxTy
[11 = The start time of the fitting interval in the
Prony process is tc+(111-1)x2xTy
o= uuqber of samples used in the fitting interval is
XN,

T et




g TABLE 17
; EXTRACTED RESONANCES OF THE MINE-LIKE TARGET
; AT VARIOUS ANTENNA LOCATIONS IN ICY GROUND
{, R e
3 ' ANTENNA _LOCATION = CENTER N=11, 1BS=5, II1=5, M=3
. ¢=0,632E-2
%
E POLE POLE RESIDUE RESTDUE
g (REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
3 -.6165323E8 +.5980379E8 .1627237E0 +,2203193E0
3 -.9816088E8 +,1153422E9 ~. 1200819E0 £, 4662508E-1
4 -.2972145E9 +.3199646E9 -.6727021E0 +,2628001E-1
3 -. 25743959 t,4525337E9 -. 2245525 E0 +,9734140E-1
3 N=11, 1BS=7, 11I=1, Ms2
3 15_cm EAST QOF CENTER =0, E08E -3 '
| POLE POLE RES IDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
g -.7955556E9 +.7207162E8 -.3441590E0 ¥,5773295E0
B -.9747022E8 +,1327517E9 -.2914887E-1 +.4185661E0
] -.2185998E9 +.1964866E9 .1786104E] +.6787741E0
. -.2235657E9 +.2570622E9 ,1210215E) +.1496749E1
5 -.2108089E9 +.3265433E9 -.2914887E-1 ¥.4185661E0
4 15_cn SOUTH OF CENTER V10, 1B, e
, Lo e e e e e . — e
E POLE POLE RESIDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
-.4419169€8 +.5302244E8 -.1283107E0 +,2668165E0
-.1687482E9 +.,1862940E9 . 1938945E0 +,4774533E0
-, 1866233£9 +.,2797166E9 .2234024E -1 +.5512929E0
-.3106326E8 +.3993629E9 «.5570095E-1 + 4816288E0
-.4141821E9 +.5571886E8E .7225376E0 T.9451689E0
-

Real and 1maginary parts of the extracted resonances are in
Nepers/s and Hz, respectively.
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TABLE 17 {Cont.)

Fe

—r —————

P R e

30 cm _SOUTH OF CENTER

L N W N A e

R R N R T s

15 _cm_WEST OF CENTER N=7, 1BS9, 11I=3, M=3
e=0.448E-2
POLE POLE RESIDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) {IMAG PART) \
-.8252691E8 +.7159227E3 .4703710E0 +.2550093E0 |

-.6366100E8 +,1213223E9 .2435632E-1 ¥,1370926E0
- 247429GE9 +. 2123833E9 .3750488E0 ¥.2747979E0

- 1196715E9 +.2833333E9 -1486354E9 0.0000000

£ o oo U Ne12, 1856, 111<5, Me2

15 _-m_NORTH OF CENTER T T

© POLE POLE RESIDUE RES IDUE
(REALPART) (141G PART) (REAL PART) (IMAG PART)
-.1238693E9 +.5956967E8 -.7568201F0 *.4133825E0
~.1455328E9 +.1044725E9 .4427186E0 +.3773904E0
-.2976452E9 +.2543575E9 .1651730E0 +.4133825E0
-.3582517E9 1.3319750E9 -3949756E0 ¥.7346425E0

- 3250828E9 +.4250000E9 -2408422E0 0. 1000000

30_cm EAST OF CENTER N=11, l3506é4§é124 ez

" poLe © POLE RESIDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
-.9395545E8 +.7131887E8 -.3951318E0 ¥,1237333E1
-.1369431£9 +.1220007E9 -.1243418F) +.8057936E-1
-.3187709E9 +.2553445E0 -.1835029€E1 ¥.6562829E0
-2052859£9 £.3777737€9 -1061165E0 +.9037383E~1

-.2686828E9 +.4250000E9 -.2203826E0 0. 0000000

N= 13, 1BS=6, II1l=2, M=2

¢=0.406E-3

T pote "~ boLE RESTDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
-, 7640484E8 +.5768431F8 . 2634359E0 +.3522781E0
-.2734229E9 1.1749879E9 -.5841965E0 ¥, 1580445E 1
- 285186619 £.2385293E9 -1394630E1 £.1721972E0
-.2480318£9 +.2889975€9 .6811801E0 +.1354053E1
-.2653034E9  +.3814169E9 -16790937E0 +.1187006E1

ST Y. S SEDI P

187




188

TABLE 17 (Cont.)

F BT 4.nT.i R F R A3 R R B S Io7.r CrRerom oed PN e mj

30 cm WEST OF CENTER N=13, 18S%6, 111-3, M2

R TR

¢=0,685E-2
POLE POLE RES IDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART)
-.1174326E9 +.9037581E8 - .7656702€E0 ¥,8719310EC
-.2722184E9 1.1783297E9 .3367912E0 +.1380838E0
-.2842735E9 +.3781778E9 -.2437025E0 +.4363209E-1
N=12, 1BS=6, I1l=2, M2
30 c¢m NORTH OF CENTER ’ c=0.171E-2
POLE T POLE RESIDUE RESIDUE
(REAL PART) (IMAG PART) (REAL PART) (IMAG PART) |
-.3929171E8 +.6274667E8 ,3064080E0 ¥,2378655E-2 ]
-.3953903E8 +.1162181E9 -.8984933E-1 +.4503131E-1 ¥
-, 2863506E9 +.1847860E9 -.272637151 ¥.3413519E0 i3
] -.2130829E9 +.2626060E9 -.1131884E1 ¥.7116251E0 3
{ -.3845860E9 +.2977974E9 .2613163E] +.2442230E1
; -.3482679E9 +,3921698E9 .1288635E1 +.1489745E1
1 = Y tzorow .oz T 8 ir. g = incris R T—;.,_—,,. i oWen poEr X el T et m-d - ’
] AVERAGE ; ?
% POLE POLE . |
- (REAL PART) (IMAG PART)
é : -.7493116E8 +.6347621E8
§ -.9981995E8 +.1146405E9
: -.2416503[9 +. 535799E9 |
-.2809195E9 +.3074991E9 ;
-.2885261L9 ¥.4076659E9 i
3
e |
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APPENDIX D

This appendix tabulates the average extracted resonances of
mine-1ike target waveforms obtained using the 12m long antenna.

Table 18
AVERAGE EXTRACTED RESONANCES OF THE MIME-LIKE
TARGET WAVEFORMS OBTAINED USING
THE 12m LONG ANTENNA

POLE POLE
(REAL)* (IMAG)
-242.9760E6 +144,3435E6
-381.,1344E6 1233.9871E6
-407.1770E6 +319.0055E6
-373.7482E6 +413.1869E6
|

*Reai and imaginary pai'ts of the
extracted resonances are in Nepers/s
and Hz, respectively.
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APPENDIX E

B

This appendix lists the Fortran program for performing the target 1}:
identification process (SRTID2), it also tabulates some of the target

identification results described in Chapter IV. Detail correlation
coefficient values are given.
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TABLE 19
VALUES OF THE CORRELATION COEFFJCIENT FOR THE
IDENTIFICATION OF THE MINE-LIKE TARGET
IN WET GROUND

- - -~ - -
L L e Qi i

T

WAVEFORM
LOCATION

‘.
ANTENNA ! o (9T

¥ | t E,S ! .593

;ll‘ c ‘ .]67 :
L - C .785 3
x C .363 N
B ; 16 ¢m,E 170

] MINE-LIKE 15 em,S

596
. 382
.296
. 183
. 294

TARGET 15 cm,W
15 cm,N
30 cm,kE
4 A 30 ¢m,$
g 30 cm,W . 766 :
& : 30 cm,N ,288 ; )
;a ! 45 cm,E | -.478 ; e
‘- . 45 cm,$S ~ ,678

e e b
"

) C
4 | BRASS 15 ¢cm, S .380 .

A CYLINDER 30 cm,$ .448 | i
. ' 45 cmyW ~.447 : e

.678

— e —d
1

VU — . i

i i ALUMINUM 7 em,S 337 i i
: .387 |

! SPHERE 22 tm,$ -
b 37 cm,y S -.061 )

7 cm N 127 1
E. COPPER 10 cm,$ . 384 i
e SHEET 25 cm,$ ~.026 .
b 13 cmyNE 065

7 28 cm,NE -.183 : ‘i
. I . 1




i 201
e TABLE 20
= VALUES OF THE CORRELATION COEFFICIENT FOR THE
3 IDENTIFICATION OF THE MINE-LIKE TARGET
5 IN DRY GROUND
) WAVEFORM ANTENNA ~(9Tg)
 § LOCATION
A
§ ¢ .575
E 15 cm,E .685
¥ MINC -LIKE 15 ¢m,$ .709
3 TARGET 15 cm, W .483
: 15 cm,N .538
BRASS
CYLTNDER ¢ =713
ALUMINUM .
SPHERE 7 m,$ .080
COPPER : .
Sheer 10 ¢m,S 291
)
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TABLE 21

VALUES OF THE CORRELATION COEFFICIENTS FOR THE
IDENTIFICATION OF THE MINE-LIKE TARGET
AND THE BRASS CYLINDER IN DRY GROUND

202

DESIRED TARGET DESIRED TARGET
WAVEFORM ANTENNA = MINE-LIKE = BRASS
LOCATION TARGET CYLINDER
p(8Tp) o(5Tg)
C . 525 .648 ;
15 ¢m,E .434 .646 4
15 ¢m,$S .423 .491 :
15 ¢m,W 477 .651 E
MINE-LIKE| 15 cm,N .837 .922
TARGET 30 ¢m,E .6R7 .738 3
30 ¢m,S .535 .168
30 cm, W .396 .837
30 cm,N
]
C -.266 .954
15 ¢m, SN .228 .983
BRASS 30 om,SN 146 .951
CYLINDER 15 cm,EW .228 .979
30 an, EW -.049 .99
¥
1
o ot b Ay it " .&;_u@u st / d 2 an 'Kﬂ
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APPENDIX F
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This appendix tabulates the average extracted resonances of

the different-size, different-depth cylinders and the thin wires
(discussed in Chapter V).
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APPENDIX G

This appendix tabulates the average extracted resonances of
the waveforms from the two models of the mine-11ke target and the
small-antenna mine-1ike target waveforms.

1 TABLE 27
i AVERAGE 'EXTRACTED RESONANCES OF THE MINE-LIKE TARGET ;
§ o T POLE POLE |
; (REAL)* ( IMAG) :
( -1.75363970E8 | +R.61019133E7 :
X MINE-LIKE TARGET | -5.73125538E7 | 41.32122486E8 f
; MODEL NO. 1 -2.87494683E8 | +2.27030133E8 ;
] 0.6m ANTENNA -1,82908509E8 | 43.07411043E8 ]
C -9.76454733E7 | +4.28447900E8
i ‘
. MINE-LIKC TARGET | -1.49959862E8 | :7.56869867E7 ’
: MODEL NO. 2 -9.64557560E7 | +1.64502020E8 ;
; 0.6m ANTENNA -2.00351880E8 | 12.27711640E8 ]
E -1.91461498E8 | +2.89778957E8
b -1.9172906268 | +4.14181320E8
s - .
; -6.90468500E7 |  £1,31552700E8 f
i MINE-LIKE TARGET | -2.B0111200E8 | *2.22590300E8 i
: MODFL NO. 1 -2.35432000E8 | 12.69826400E8
: 0.15m ANTENNA -5.03972000E7 | +2.99420800E8
ﬁ ] -1.22024400E8 | *4.04685600E8

*Real Part in Nepers/s, Imaginarv Part in Hz. :
% - ;
z 1 ;
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APPENDIX H

This appendix tabulates the identification results for identi-
fication of the mine-like target with the small-antenna system,
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APPENDIX 1

This appendix gives detai) descriptions of the APU[68] and the o
micro-program that implements the various system control and target oy
identification processes. E

A, The APU and Its Interface

T TR E AT e T e T R A TN Py o, ey o — s
£ ..’F;‘V'.,.‘.p.'.‘ 2 ) i AR T By

with the SDK-80

The connection diagram of the APU is given in Figure 58,
| i
.,'.i I
|
3 CONNECTION DIAGRAM 4
: )
3 b
E%1 v ¢ ~ W[ s
F ’ V"Cj F n :-zu C oy
E IEIC_E) nbuu- {_l:
¥ svack [} 4 nlTien :
waa ] s o on X
! - w [ e 3
; w:;:’la" Amos11 " “
1 om{"Je TR R TI ;F
! o[ wi oo th
- C g

. Dllr_.‘_4 Y 18 :]Dll ‘
: ’ om{ 1w 1w [TJom ] L
E ‘ oud T " o8 ;
; 3
] Top View { ;
Pin Y s marned tor arientation, L I

!

Figure 50, Connection diagram for the APU, a’
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Interfacing the APU with the SDK-80 requires the generation of
the various control signals. In this study, the APU is interfaced
to the SDK-80 as a memory location, and the control signais are gen-
erated as folliows:

1. CS: chip select

The chip-select signal is generated by using addvess
linec Al13, Al4, and A15 nf the BUBOA processor in the
SDK-80. The signal generation circuit is shown in
Figure 59. The chip-select signal CS is low when the
address lines Al3, Al14, Al5 are all high.

A 3o ek pb Rl Ll RS L s g BT e e T

B I Y

| Al3 9

Al4 12 720 3 :
als _ 3 = g
Figure 59. The chip-select (CS) signal
for the APU. :

2. C/D: rommand/data

The C/D signal is tied directly to the address line
A¢ of the B0BOA processor.

e T Ty O AReE T o T s e e e e e T

3. TOR: tied directly to MEMR of the 8080A processor.
4, I0W: tied directly to MEMH line of the 808A processor.

5. PAUSE: tied directly to the ready line of the 8080A
processor,

6. CLK: tied directly to ¢2 of the 80BOA processor.

7.  EALK, SVACK, SVREQ, RESET, END: unused.

3. To eliminate possible loading probiem, two additional
siynals are generated tu inhibit the ROM's and RAM's of the
SDK-80 when the APU is being addressed. These two control
signals (E1 and E3) are given in Figure GO.
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A summary of the APU commands is given in Table 31.

TABLE 31

APU COMMAND SUMMARY

i ~——commend Code Command Command Description (1)
7,6 .5 4,312}1]0] Mnemonc
' FIXED POINT SINGLE PRECISION
RN RN \F ° $ADD Ao TOS 1o NOS Retut 10 NOS. Peo Srach
TRLoy v 0 | ' ( t Lot ssue Subtracts TOS 110m NOS Resuit 10 NOS Poo Stack
talaraiglhy ity | 1 ]o smuL Multptes NOS thy TOS Reuit 10 NOS Pop Stack
v oH i t 1 9 zL 143 1 1 t SO Dwviewes NOS by TOS Result to NOS Pop Staca
‘l FIXEO POINT DOUBLE PRECISION
. uT aTh I KRR I olo 0ADD A TOS 16 NOS Result to NOS Pop Stack
LR AR RRER RN osus Subtracts TOS rom NOS Rewwtt 10 NOS Pop Stack
alaiatorayfrtalo oMUL Muttioies NOS by TOS Result 10 NOS Pao Srack
N - IR AT I opv Divirtey NOS by TOS Resuit to NOS Pop Stacs
FLOATING POINY
a, 109 l Ve "o vofo F4A0D Aden TOS 10 NOS Result 1o NOS Pop Stach
R, J1 2 1 | ) b ) I 0 \ FSus Subtracts TOS from NOS Rewlt 10 NOS. Pop Stack
&' ¢ ' 2,1 i 0.0 ; t )0 FatUL Muttiples NOS by TOS Resutt 10 NOS Pop Stack
30 0, V00 iy FCiv Ouwvietrs NOS by TOS Resuit 1o NOS Pop Stack
DERIVED FLOATING POINT FUNCTIONS (2)
IR ERE R SOAT Scnare Root of YOS Aevuii i TOS
A G ] ) 4] } 4] 1 ] { 1 [+] $IN Sine ot TOS Rerultin TQS
L ] . [+] : 0,0 1 NS Coune 0t TQS Result on TOS
R.¢c0v¢ , 010 11010 TAN Tanni of TOS Resuitn TOS
* 910160 Pyt ASIN Inverre Sine of TOS Resutr in TOS
% 0.5 9,00 a(0s$ inverie Coune ot TOS Heswlt in TOS
a 0 ;9,0 B ATAN tnyerie Tangent of TOS Aescitin TOS
R, 3 ¢C'0q1Yy 0010 (SRl Common Lagatahm lnase Qi 0! TOS. Resutt in TOS.
® 3 2. 0 , 1 0.0 LN | Naturai Logarithm (bass o) of TOS Ressitin TOS
Q 7 J o * 0 Y o j ExP o Exponential te®™) ot TOS Rasult in TOS
A 3 ol I ERE LN PWR | NOS 131404 to the power 1n TOS Reutt 10 NOS. Pap Stack
DATA MANIPULATION COMMANDS (2)
HT Tr210C 010 NOP | No Overation
A > o 1 ( i ; t ‘ 1 1 ! Fixs i Cunverty TOS trom floating point 10 1ingtes preciuon ixed paint format
. = < Sov LR | 0 - FixD Converty TOS from Noating point 10 double precision Liseg Daint format.
a ’ C vy vy 0 ) LTS l Conveery TOS 110m wingte 0reciy0n frued PRt 16 11081AG POWNT format,
vRs 0t . )y 20 FLTD Converts TOS trom doutie precision fined point 10 110a1ing DOINT {Brmat.
': R v v,y 0 1Vv,0]0 CHsS Chanues 1ign of single precision finerd ot operand on TOS
R, 9,1 110,040 CH50 Chanues 11 of double prercinon Lined pount operand an TOS.
R. D t,0 0 191 CHSF Chanyey 1ign of Hoating pmnt oberand on TOS
LR ' LI B B | 1 PTOS | Push uingle precision fiaed point operand on TOS 10 NOS
A g ’ ol oty PT0O0D | Push dnubie precision tiaed pont o yng an TOS 10 NOS
R:C % v,0"'1 1 PYQF ; Push 110a1inq pornt aperang on TOS 10 NOS
v Ry ey [} ; ' a2.01lo POPS Pop wnole DIECINON traed Dovnt coerand lrom TOS NOS tecomes TOS
e 3 ¢+ 10 010 POPD Pow Uoutre DIEC 10N tiavd paint oerand trom TOS NOS becomes TOS,
Mo iy s ool POPE Pho Hoating 00int operenst trom TOS NOS tecomes TNS
. 1 . ] ! 1 ) f 0 1 i AnCHS Ercnange ungle precisian hixerd pont otwranm TOS sna NOS
Al T Y -0 0 ] xXCHO € achunge Wnubie precition fised point nperanas TOS ang NOS
W ¢ 1ty .60l l ACHF Excnangs Noating pownt operands TOS ana NOS
LI 170 110 pUP) Puth Hloating point constant “»"' Aatg TOS Previous TOS becames NOS.

Natm 1 AT T AT RS

1 &) v c0g Mot o0 AL hagliuny SR Or the CanIents 0! INe 1lach Oniy 1ns rosull Con Do COUNTED On 10 De valivd upnA comwnand
cwnny

3 remp ieawinen
mnt he )

ey Tep T Jraen NS e Mot On Siach

e merdl Fink, FIXD FLYS FLTDI require thet tinsting Dot date tormal be soweified lcommand bits § and §
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B. The Microprogram for the

Microcomputer System

The various functions of the microcomputer systems are imple-
mented as commands listed in Table 32. The microprogram that
implements the various commands is given following Table 32.

TABLE 32

TABLE OF COMMANDS IMPLEMENTED IN
THE MICROCOMPUTER SYSTEM

COMMAND
CODE

DESCRIPTIONS

3
A

Restart

Display a memory waveform on the
Oscilloscope

Branch to another ROM
Displays data values of interest

Change or enter the number of waveform
taken to form an average waveform

Change or enter number of samples per
waveform

Change or enter the seguence number
for the next waveform

Initiate Recording sequence via the
push button

Record a waveform, and parform the
identification process

Dump memory onto tape

Check 1f data transmission to
recorder is error-free
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C. Details in Obtaining the Second
et o entification Data Wit
the Microcomputer System

1. Difference equation coefficients

Table 33 tabulates the difference equation coefficients used
in the microcomputer system for identification of the mine~1ike

target.,

2. Detection thresholds (Ryp=30 cm)
tyax RANGE = 14,49 (Tg)

MAX RANGE = 12,82

' Ey RANGE * 0.639, 0.862

b The same detection thresholds were used for identification of
the mine-1ike target in both ground conditions,

VTP Ay e,

3. Identification thresholds (Ryp=30 cm)

. Table 34 tabulates the identification thresholds for identifi-
f cation of the mine~like target in the two different ground conditions.
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TABLE 34

IDENTIFICATION THRESHOLDS FOR THE IDENTIFICATION OF THE
MINE-LIKE TARGET WITH THE MICROCOMPUTER SYSTEM

e

R i T 0 4 " 1) <(p )>
" Toi Tol Toz | Tos | Toa | Tos | "To
GROUND\\\‘ T'4TB T=5TB T-DTB T=7IB T=8TB
CONDITION 522 .801 615 .677 780 | L7977
1
(TUNED)
CONDITION .500 .500 . 250 125 .500 | .40000
2
(UNTUNLD) |
e [

ol ik
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APPENDIX J

Table 35 tubulates the extracted resonances and their corres-

ponding residues of the thin-wire (30cm long, 5cm deep) waveform.

Table 35
EXTRACTED RESONANCES FROM THE 30cm LONG, S5cm DEEP THIN WIRE

ANTENNA LOCATION = CENTER OF WIRE

3 POLE * POLE RESIDUE RESIDUE
E {REAL) ( IMAG) {REAL) (1MAG)
51 -, 1308792t 9 -.2243403E 9 -.1708435E O .6741198E-1
E? -.4685945C 9 .2800813E 9 .1377038E 1 ,2542809E 1
= -.2156001E 9 . 1260306k 8 .2210962E 0 .1263321E
; -.4685945¢ 9 -, 2B00813E 9 .1377038E 1 . 2542809E
: -.2156001E 9 -.7260306E 8 .2210962E 0 .1263321E 1
: -.170807ef 9 .3030841E 9 .5459014E-1 .2335131E 0
! -, 1209931E 9 11267778 S -.9631155E © .2862594E |
i -.1209931€ 9 -, 1126777€ 9 -.9631167¢ O .2862594E 1
: -.1708073E 9 -.3030841E 9 . 5459009E-1 .2335131E 0
1 -. 1308792t 9 .2243403C 9 -.1708435E 0 -.6741193E-1
! -.6272871L ¢ . 1839096£-2 -,2458968E-1 -.4475425E-7
]
f PARAMETERS: N=11, IBS=7, M=2, 111=4, .=0.391E-2
; Two pairs of pules appear to have dominant residues, namely the
F pole patrs at 280 MHz and 112 MHz. However, the pole pair at 280 MHz
: has a much wmore negative real part, thus, in the late-time region,
: “epply the pole pair at 112 MHz is dominant. ‘e me-eg b ..
? Table 36 tabulaves the cxtracted resonances and their correspond-
: ing residues from the 30cm long on-surface wire,
3 In the early<time region, the pole pair at 302 MHz is dominant.
* Real Part in Nepers/s. Imaginary part in Hz. !
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TABLE 36
EXTRACTED RESONANCES AND FROM THE ON-SURFACE THIN WIRE

ANTENNA LOCATION = CENTER GF WIRE

POLE™ POLE RESIDUE RES1DUE
(REAL) ( IMAG) (REAL) (IMAG)
-.1462028E10 .0000000E 1 .2469165E 1 .6242044E-7
-.3449277E 9 -.3023622E 9 .1591370E 1 -.1711432E
-.3449277E 9 .3023622E 9 .1591370E 1 J1711432E 1
-.1003984E 9 -.2404006E 9 -.1003876E 0 .1049173E~1
-.2344375E 9 .4529953E 9 -.2735412E 0 .1113815E-1
-.4641263E 8 .6872750E 8 -.6308170E-1 .7273762E-1
-.2344375E 9 -.8529953E 9 -2.035411E O -.1113816E-1
-.1003984E 9 ,2404006E 9 -,1003877E 0 ~.1049174E-1
-.3901977E 8 -.1401513E 9 -.2077824E-1 «.2096944E -1
-.3901977E 8 .1401513E 9 -.2077823E-1 ,2006944E-1
-.3232055E 9 .3787546E 9 -.3689420E 0  .-.6241565E 0
-.3232055E 9 -.3787546E 9 -.3680420E 0 .6241565E 0
-.4641263E 8 -.6872750E 8 -.6308171E-1 -.7273761E-1

PARAMETERS: N=13, 1BS=5, M=2, 11l=1, ¢=0.3839075E-3

e A R

*Real part in Nepers/s.

Imaginary part in Hz.
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